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Abstract: 

The CCR7 chemokine axis, is comprised of chemokine ligand 21 (CCL21) and chemokine ligand 19 

(CCL19) acting on chemokine receptor 7 (CCR7). This axis plays two important but apparently 

opposing roles in cancer. On the one hand, this axis is significantly engaged in the trafficking of a 

number of effecter cells involved in mounting an immune response to a growing tumour. This 

suggests therapeutic strategies which involve potentiation of this axis can be used to combat the 

spread of cancer. On the other hand, the CCR7 axis plays a significant role in controlling the 

migration of tumour cells towards the lymphatic system and metastasis and can thus contribute to 

the expansion of cancer. This implies that therapeutic strategies which involve decreasing signaling 

through the CCR7 axis would have a beneficial effect in preventing dissemination of cancer. This 

dichotomy has partly been the reason why this axis has not yet been exploited, as other chemokine 

axes have, as a therapeutic target in cancer. Recent report of a crystal structure for CCR7 provides 

opportunities to exploit this axis in developing new cancer therapies. However, it remains unclear 

which of these two strategies, potentiation or antagonism of the CCR7 axis, is more appropriate for 

cancer therapy. This review brings together the evidence supporting both roles of the CCR7 axis in 

cancer and examines the future potential of each of the two different therapeutic approaches 

involving the CCR7 axis in cancer.   
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Introduction 

Chemokines are a family of 48 low molecular weight chemoattractant cytokines that play a 

multifaceted role in biology of the cell [1-5]. Chemokines exert their cellular function through 

binding to cell surface chemokine receptors which belong to the highly druggable class A G-protein 

coupled receptor (GPCR) family. Chemokines’ principle role is in orchestrating the inflammatory 

and both adaptive and innate immunological responses; and in particular, controlling migration and 

function of various leukocytes including eosinophils, neutrophils, and basophils as well as T and B 

lymphocytes [6]. More recently however, chemokines and their receptors are shown to be involved in 

a wider range of physiological and pathophysiological processes ranging from directing sperms 

movement towards the ovum [7] to asthma [8], rheumatoid arthritis [9], atherosclerosis [10], and 

viral infection [11-14]. In particular, many chemokine axes are shown to have a multifaceted 

involvement in cancer [15-21].  

The CCR7 chemokine axis, comprising chemokine ligand 21 (CCL21) and chemokine ligand 19 

(CCL19) acting on chemokine receptor 7 (CCR7), plays two particularly important, but apparently 

opposing roles in cancer. In his seminal report in 2001, Zlotnik suggested that the CCR7 axis has a 
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key role in promoting metastasis via the lymphatic system. It has been postulated that cancer cells 

can upregulate CCR7 expression and hijack its normal functions, enabling them to migrate along the 

gradient of CCL19 and CCL21 towards the lymph node and colonise them as a first step towards 

metastasis. In support of this hypothesis, CCR7 up regulation and correlation to lymph node (LN) 

metastasis is demonstrated in a number of cancers including pancreatic [22], breast [23, 24], 

oesophageal [25], head and neck [26], prostate [27, 28], and colorectal [29] cancers. Moreover, the 

chemotactic effect of CCR7 also has been found to be involved in the migration of leukemic cells to 

the CNS [30]. This suggests that strategies that prevent activation of CCR7 axis, for example through 

small molecule antagonism of the receptor, can hinder tumour metastasis. 

On the other hand, this axis is also involved in the modulation of the immune response to a growing 

tumour. A number of cells which are important for the initiation, maintenance and resolution of 

inflammation, including dendritic cells (DCs), CD4+ T helper cells, regulatory T cells (Tregs), B Cells 

and central memory T cells (TCM), express CCR7 and are trafficked through interaction with CCL19 

and CCL21. Due to the key role that the CCR7 axis plays in antigen presentation and activation of T 

cell mediated response, it has been proposed that intra-tumoral introduction of CCL19 and CCL21, 

can assist in immunotherapy of cancers by potentiating immune response to tumours, as will be 

discussed in the next section. 

This review will examine the evidence supporting both roles for the CCR7 axis in cancer, and 

whether the CCR7 axis has a therapeutic potential in cancer.   

Role of CCR7 axis in inflammation and immunity 

The CCR7 axis is significantly involved in orchestrating immune response [31]. In particular, this 

axis has an important role in facilitating the encounter between antigen presenting dendritic cells, 

and antigen-responsive naïve lymphocytes. The chemokines CCL19 and CCL21 are produced in 

the primary and secondary lymphoid organs (SLO) such as lymph nodes (LN). In the primary 

lymphoid organs, such as thymus, they function mostly to move CCR7 expressing thymocytes 

between different tissue compartments as they differentiate and undergo clonal selection. In 

particular, the CCR7 axis plays a significant role in negative selection for self-reacting thymocytes 

[32]. Within the lymph nodes, CCL21 is released by high endothelial venules (HEV) which attract 

circulating lymphocytes in the blood into the LN (although this appears more relevant to T cells 

than B cells) [33]. There is also evidence that CCL19 increases the life span of T cells within the LN 

[34]. Once inside the LN, CCL19 and CCL21 which are continually released by fibroblastic reticular 

cells [34, 35] enable compartmentalisation of naïve lymphocyte and antigen presenting dendritic 

cells so that they can meet. Dendritic cells (DCs) are a major class of professional antigen presenting 

cell family. DCs patrol externally exposed part of the human body including mucous membrane in 

the respiratory and urogenital organs [36]. Once they encounter a foreign body, DCs mature in a 

process which includes upregulation of various cellular component, including major 

histocompatibility complex II (required for antigen presentation), co-stimulatory molecules such as 

CD80 and CD86  and CCR7 [37, 38]. The increased CCR7 expression enables DCs to sense 

CCL19/CCL21 concentration gradient, to migrate towards draining lymphatic vessels and 

ultimately towards lymph nodes [39, 40]. Once DCs are inside the LN, the ligands further direct 

and distribute them to the T-cell zone, where they can meet and activate T cells by presenting their 
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cell surface antigens to them. Finally, the re-entry of the now active T cells back into blood 

circulation is accompanied by a reduction of their CCR7 expression [41, 42]. Interestingly, it has also 

been suggested that activation of CCR7 by CCL19 leads to contemporaneous increase in 

sphingosine 1-phosphate receptor-1 (S1P1) on activated T cells [42] allowing them to migrate 

against the gradient of S1P out of the efferent LN vessels.  

CCR7, in conjunction with other chemokine receptors, can also be involved in the resolution of the 

inflammatory response[43, 44]. Both naturally occurring, thymocyte-derived regulatory T cells 

(Tregs) as well as induced Tregs from effector cells at the site of inflammation express CCR7, and their 

migration to the SLO, and correct positioning within the SLO is controlled by this axis. This means 

CCR7 plays an important role in preventing over-production of effecter T cells and preventing 

autoimmune diseases, as well as in resolution of inflammation. To our knowledge, the role of CCR7 

axis in Tregs subsets has not been exploited therapeutically, however, CCR7 expression in Tregs does 

have diagnostic value. For example, expression of CCR7 in Tregs isolated from patients was 

indicative of better outcome in colon[45], oral squamous cell carcinomas[46]. Finally, the reservoir 

of central memory T cells (TCM) which shuttle between spleen and LN also express CCR7. Although 

this migration is thought not to be controlled entirely by the CCR7 axis [47], this suggests a role for 

CCR7 in long term immunity. 

Role of CCR7 in cancer immunotherapy 

Inflammation has a complex role in tumorigenesis and tumour growth. There is evidence that 

inflammation support the transformation to malignancy [48-50]. Furthermore, inflammation is also 

an essential feature of the tumour microenvironment and one of the key elements that contribute to 

multiple hallmark capabilities of cancer [50, 51]. Many DCs recognise the cancer associated antigens 

on tumour cells and mount an inflammatory/immune response to the tumour [52]. Generally 

speaking, this inflammatory/immune response can significantly limit tumour expansion, by flooding 

the tumour with immune cells that can destroy tumour cells. However, many of the proteins which 

are released during the inflammatory response can also be advantageous to a tumour’s growth and 

dissemination. This dichotomy can be further complicated due to the fact that inflammatory 

response is a multistep process involving initiation, propagation and resolution, and the interactions 

between the tumour cell with its environment can be different at each of these steps. Furthermore, as 

tumours can be quite heterogenous, the impact of inflammation within the same tumour could vary 

from one domain to another. In other words, there may be temporal and spatial factors within a 

tumour that may affect its response to inflammation, or indeed response to treatment strategies that 

target inflammation. Another complicating factor is that cellular changes accompanying malignant 

transformation of a cell may not necessarily generate highly immunogenic markers, leading to only 

a muted inflammatory response. Nevertheless, whilst it is important to bear these subtleties in mind, 

either targeting or exploiting inflammation and/or immune response as a therapeutic strategy 

remains a desirable approach to cancer treatment. 

Because of the central role that the CCR7 plays in the inflammatory/immune response, a number 

of strategies have been developed to exploit this axis for therapeutic approaches in treating cancer 

[53-55]. These fall into a number of broad categories: 
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a- Intratumorally administration of CCL19/CCL21

The first of these is to use the CCL19 and CCL21 to boost the immune response to tumour. A main 

obstacle for clinical efficacy of immunotherapy is that homing of effector cells into the tumour 

microenvironment is retarded [56]. It has been hypothesised that an increase in the concentration 

of CCL19 or CCL21 should potentiate body’s immune response to tumours by increasing the 

trafficking of DCs and cytotoxic T cells. A number of different protocols can be used to achieve 

the increased intra-tumoral CCL19/21 concentration, ranging from direct delivery of the 

chemokine protein to the tumour to the introduction of chemokine expressing cells into the 

tumour milieu. For instance, direct intra-tumoral injection of CCL19 in a mice lung model is shown 

to result in increased influx of dendritic cells as well as CD4+ and CD8+ T cells in the tumour, 

increases in pro-inflammatory IFN-γ, CXCL9, CXCL10, GM-CSF, and IL-12; decrease in the 

immunosuppressive molecules prostaglandin E2 (PGE2) and TGFβ; and ultimately a significant 

reduction in tumour volume [57, 58]. A similar observation was reported in a mouse colorectal 

model [59]. In an orthotopic mouse model of breast cancer, intra-tumoral administration of CCL21 

increased infiltration by T cells, natural killer (NK) cells and DCs into the tumour, slowed the 

growth of tumours, and prolonged the survival of tumour-bearing mice [60, 61].  

Obviously, systemic administration of CCL19 or CCL21 as a therapeutic strategy can lead to 

significant complications and toxicities. To make this a clinically applicable therapeutic protocol, a 

bespoke drug delivery system is required. Recently, intra-tumoral injection of a CCL21 containing 

hydrogel has shown increased DC recruitment in a mouse model [62, 63]. In spite of their potential 

[64], this approach does not seem to have been taken any further. A vault nanoparticle which 

encapsulates CCL21 and selectively releases it in the tumour, was developed with promising in vitro 

and in vivo results [65].  

b- Cells transfection

Another means by which to achieve elevated levels of CCL19 or CCL21 within the tumour is to 

introduce transfected or transduced cells that can express and excrete the proteins. A major 

drawback of such an approach is that it would be difficult to calibrate the quantity of CCL19 or 

CCL21 and in fact over production of the proteins at the tumour site may be disadvantageous. 

Nevertheless, this has been demonstrated to be effective both in vitro and in vivo. Human mammary 

MCF-7 cells transfected with CCL21 enhance a host of DC functions, such as migration, 

antigen-uptake and presentation; as well as increasing apoptosis resistance of DCs in vitro [66]. 

LIGHT is a costimulatory molecule of the TNF family on the surface of immature DC that binds to 

receptors on T cells and enhances their proliferation and induction of cytotoxic T lymphocyte. 

Murine C26 colon carcinoma cells transfected to express CCL21 and LIGHT have a significantly 

increased anti-tumour activity than those cells that express either of them alone [67]. Murine 

B16-BL6 melanoma cells and murine OV-HM ovarian cells transfected to express murine CCL19 

grow slower as tumours compared to non-CCL19 expressing control, after transplantation in mice 

[68, 69]. In a mouse lung metastasis model, tail vein injection of endothelial progenitor cells 

transduced to express CCL19 decreased the number of lung metastases and prolonged survival [70]. 

Systemic introduction of Salmonella typhimurium, genetically engineered to produce CCL21, led to 

the corresponding changes in levels of cytokines and inhibited tumour growth in a mouse model of 
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murine breast cancer [71]. This anaerobic bacteria is shown to accumulate within tumours, which 

provides a means for selective accumulation of CCL21 to the tumour in spite of its systemic delivery. 

Alternatively, the transfection to express CCL19 or CCL21 can be carried out in vivo. Intra-tumoral 

injection of RGD fiber-mutant adenoviral vector (AdRGD) encoding for the murine chemokines 

CCL19 and CCL21 into murine B16-BL6 melanoma tumours in mice, resulted in increased 

infiltration of T cells and reduced tumour growth [72]. In this context, a liposomal delivery of the 

adenovirus vector is shown to increase the efficiency of transfection of CCL19 [73]. A folate modified 

nanoparticle system for in vivo delivery of CCL19 gene showed significant cancer growth repression 

in a colon cancer model [74, 75] and furthermore, intra-tumoural injection of a combined CCL21 and 

IL15 adenovirus significantly inhibited tumour growth in a mouse colon carcinoma model [76].  

c- Patient derived transfected cells

A related approach is the use of the CCR7 axis to enhance the trafficking of autologous or 

allogenically transplanted leukocytes or DCs. In this approach, immune cells, originating from the 

patient or a donor, are genetically modified in vitro, for example by transfection to express CCR7 or 

CCL19 or CCL21, prior to administration back to the patient. For instance, co-expression of CCL19 in 

CAR T cells [77] improved their efficacy to shrink pre-established solid tumours and prolonged 

mouse survival in mice. The use of trogocytosis to transiently express CCR7 on ex-vivo human NK 

cells increases their homing to lymph nodes in vitro [78] and overexpression of CCR7 on NK-92 cells 

improved their migratory aptitude and resulted in a larger tumour shrinkage when they are injected 

in a mouse colon model [79]. It is shown that dendritic cells (DCs) transfected in vitro to express 

CCR7 as well as an antigen, show greater migratory ability to the draining lymph nodes and more 

effective anti-tumour properties in a melanoma model [80] and lung cancer models [81-83]. Similarly 

embryonic stem cell-derived DCs transfected in vitro to express an antigen as well as CCL21 and 

loaded with α-galactosylceramide, an antigen specific for invariant NK T cells [84], was able to 

mobilise both conventional and NK T cells and showed an increased anti-tumour effect [85]. The 

clinical potential of this approach was assessed in a phase II study in patients with advanced 

non-small cell lung carcinoma (NSCLC) [86]. Intra-tumoural administration of autologous dendritic 

cells (DC) transduced with an adenoviral (Ad) vector to express CCL21, resulted in enhanced 

tumour CD8+ T-cell infiltration as well as increased tumour PD-L1 expression [87]. Interestingly, 

combining an anti-mouse PD-1 antibody with the CCL21-DC vaccine resulted in a very significantly 

improved in vivo results in a murine lung model [88](see later).  

d- Vaccination

Vaccination with irradiated tumour cells transduced to express granulocyte-macrophage 

colony-stimulating factor (GM-CSF) and CD40-ligand (CD40L) is a well-established protocol which 

is shown to significantly increase mobilisation of DC trafficking within the tumour, and therefore 

enhance immune response to tumours [89]. The recruitment and trafficking of DCs could be further 

enhanced through involvement of the CCR7 axis. In a NSCLC mouse model, delayed tumour 

growth was observed in animals given GM.CD40L vaccine plus CCL21, compared with vaccine 

alone. However, in a follow up clinical investigation with a relatively small cohort of lung cancer 

patients, no statistically significant difference in patient outcome was observed between the group 

given GM.CD40L alone with those given GM.CD40L plus CCL21 [90]. 
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It is worth noting that in the majority of these experimental investigations, monocyte-derived 

dendritic cells (mDCs) are used. This overcomes the problem of collecting sufficient DCs from the 

patient, but of course it is critical to ensure ex-vivo mDCs are phenotypically similar to natural DCs. 

Monocytes differentiate to DCs within the tumour microenvironment in vivo, and a number of 

methodologies are developed to affect that differentiation in vitro [91-99].  

Before moving on from this approach, it is worth mentioning the recent report of an “artificial” 

antigen presenting entity, a non-cellular microparticle packed with immunomodulatory proteins, 

including CCL21, that makes these capable of activating naïve T cells and eliciting an immune 

response. The efficacy of these non-cell antigen presenters has recently been demonstrated in a 

mouse model of melanoma [100] which opens up many new and interesting advances in cancer 

immunotherapy.   

Increases in the intra-tumoral concentration of CCL19 or CCL21 can also be used in conjunction with 

other treatment approaches (immunotherapeutic and non-immunotherapeutic) to enhance their 

efficacy. One of the reasons for the lack of efficacy with immunotherapeutic is that many tumour 

cells are only weakly immunogenic. This could be addressed by introducing DNA vaccines which 

encode for more immunogenic cell surface antigens [101]. In effect, this approach encourages the 

body to mount a more rigorous immune response to tumours than it would otherwise have. The use 

of DNA vaccines is a particularly attractive approach for mobilisation of leukocytes, such as NK and 

cytotoxic T cells, to the tumour, which can augment protective antitumor immunity. When used in 

conjunction with CCL21, such DNA vaccination is shown to be more efficacious in a mouse model 

[102, 103]. Alternatively, co-injection of both CCL19 and cytosine-phosphorothioate-guanine 

oligodeoxynucleotide (CpG-ODN), a relatively potent immunogenic molecule, into the tumour site 

shows greater tumour shrinkage than either of them alone [104]. Similar strategy is used for 

augmenting immune response against weak immunogens such as tyrosinase-related protein-2 

(TRP2) in melanoma [105]. Telomerase reverse transcriptase (TERT) is a well-known tumour 

associated antigen although it has been difficult to consistently induce antigen-specific immunity 

when using TERT vaccines. Vaccination using TERT after inoculation with CCL21 cDNA however 

resulted in higher TERT-specific cell-mediated immunity, and reduced tumour growth in a mouse 

melanoma [106] and breast cancer models [107].   

More elaborate vaccination strategies are also reported. For instance, in the example above, use of 

adenoviral infection for both CCL21 as well as IL-5 alongside a TERT vaccines, resulted in enhanced 

antitumor activity [108]. Similarly, addition of CCL21 as well as immune checkpoint blockade, has 

been shown to even more significantly increase cytotoxic T lymphocyte production, proliferation 

and infiltration, and reduced tumour growth after vaccination with an HPV-16 antigen[109]. It is 

however worth nothing that that chemokine and cytokines may not necessarily work in tandem 

with each other. In a mouse melanoma model, antitumor effect from intra-tumoural injection of 

DNA encoding for IL-12-and for tumour associated antigen hgp100, was actually diminished upon 

injection of CCL21-encoding DNA or indeed CCL21 protein [110]. 

Intra-tumoural delivery of the genetic material can be quite inefficient and although liposomal 

delivery system can increase this efficiency [73], other delivery systems are investigated. An 
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alternative means for delivery of the genes is topical application or subcutaneous injection, for 

example by jet injection or biolistically (gene gun). Because APCs, including DCs patrol subdermal 

layers of skin, this is considered an efficient means initiating immune response in vaccination. As a 

cell surface protein of the tyrosine kinase receptor family, Her2/neu is significantly immunogenic 

and therefore, in vivo transfection with the Her2/neu gene (ERBB2) can potentiate immune response 

to the tumours. The co-delivery of both CCL19 and CCL21 with Her2/neu genes has shown 

promising result in a murine breast cancer model [111-113]. 

Finally, the CCR7 axis can also be used to augment the efficacy of other therapies. For example, 

fusion of CCL19 or CCL21 to antibodies can augment their anti-tumour function by enhancing 

immune response to tumours [114]. An example of this is the fusion of the 18mer N-terminus 

peptides of CCL21 into a bispecific antibody which simultaneously binds CD3 on T cells and an 

antigen on ovarian tumour cells. Bispecific antibodies enhance cytotoxicity of T cells through 

proximity effects and it was shown that the chemotactic bispecific antibody was more effective 

in vitro [115]. Fusion of CCL21 to a PD-L1-blocking single-domain antibody fragment (VHH), 

shows improved recruitment of effector cells in vitro [116]. We previously described how 

combination of CCL21-dendritic cell tumour antigen vaccine with a murine PD-L1 inhibitor 

significantly decreased or even eradicated established tumours in a mouse model of lung 

cancer[87, 88, 117]. Furthermore, injection of CCL19-expressing mesenchymal stem cells also 

shown to promote infiltration of immune cells to the tumour microenvironment and enhance the 

therapeutic efficacy of an anti-PD-L1 antibody[118]. Rituximab, is an effective agent for antibody 

derived cell cytotoxicity (ADCC) against B-Cell malignancies [119]. Transfection of NK cells to 

overexpress CD16 (FcγRIII), which mediates ADCC, and CCL19 which enhances trafficking of 

NK cells is reported to increase efficacy of rituximab in vitro [120]. Currently a phase I study of 

checkpoint inhibitor, pembrolizumab in adjunct with intra-tumoural administration of 

CCL21-gene modified dendritic cells is underway, but no results are as yet available [121, 122]. A 

property of CCL21 which is rarely exploited in cancer therapy is that in addition to its role in 

immune response, it is anti-angiogenic [123]. However, a report showed vaccination to express 

of CCL21, used in tandem with an inhibitor of survivin (a member of the Inhibitor of Apoptosis 

family of proteins) reduce tumour growth in a mouse non-small cell lung carcinoma (NSCLC) 

model [124]. 

e- Dendritic cells maturation boost

Low concentration of many cytotoxic therapeutics, for example cyclophosphamide [125] and 

doxorubicin [126] appear to enhance maturation of DCs. Indeed, paclitaxel appears to improve 

efficacy of immunotherapy when using adenovirus encoding for murine CCL21, in both B16-F10 

melanoma and 4T1 breast carcinoma mouse models [127]. Although the exact reason for it is 

unclear, the effect is limited to co-administration of only a low dose of paclitaxel and 

immunotherapy enhancement is not observed at higher paclitaxel dose.  

From the evidence presented above, it is clear that the CCR7 axis has the potential to augment 

the efficacy of a number of different immunotherapeutic approaches to cancer. 

Immunotherapeutic agents are clearly highly desirable as a valuable addition to the available 

armoury for fighting cancer, but development of efficacious immunotherapies remains very 
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challenging. In particular, the choice of tumour associated antigen is critical to both selectivity 

and efficacy of treatment. Through the use of CCR7 chemokine axes, it has shown that weakly 

immunogenic responses can be amplified in a number of preclinical models. Therefore, targeting 

the CCR7 axis has the potential to significantly improve efficacy of immunotherapies in the 

clinic. It is however too early to judge the clinical potential of exploiting CCR7 in 

immunotherapy, due to limited information from clinical investigations. There are a number of 

ongoing trials and hopefully the potential of targeting CCR7 axis in immunotherapy becomes 

clearer in due course. A number of these trials which are due to report over the next few years 

involve CAR-T cells modified to express IL-7 and CCL19 for easier tumour penetration [77] and 

targeting various antigens (NCT03198546, NCT04381741, NCT03932565, NCT03198546, 

NCT03546361). A phase 1 trial of a autologous dendritic cells (DC) transduced with an adenoviral 

(Ad) vector to express CCL21, [87] is now followed by a study of the same with intravenous 

injection of PD-1 mAB targeting pembrolizumab (NCT03546361) which is due to report at the 

end of 2023. Of course we have already mentioned a phase1/2 trial with GM.CD40L vaccine plus 

CCL21.[90] On the other hand, there is still much to learn about the role of the CCR7 axis in 

immunotherapy. For instance, we do know that tumour microenvironment, and how it changes 

during disease progression, can profoundly influence the outcome of immunotherapies. Yet we 

know very little about how flooding the tumour with CCL19 and CCL21 can influence the 

microenvironment. Nevertheless, it is an area that will undoubtedly develop over the next few 

years. 

Concurrent to these studies, it has also become clear that CCR7 axis can contribute to tumour 

dissemination in quite a different capacity. 

Role of CCR7 in tumour growth and metastasis 

Metastasis, the irreversible process by which tumours migrate from their primary site to other 

organs, remains a significant challenge in cancer therapy. Although it is difficult to accurately 

estimate the impact of metastasis on cancer treatment, it has been suggested that as many as 9 out 

of 10 cancer related deaths follow on from metastasis [128-130]. Metastasis is a complex and 

multistep process [131]. and it is only recently that we are beginning to understand changes in 

cellular pathways and molecular signatures that are associated with it. An intriguing feature of 

metastasis is that it is not random, but is in fact quite organ specific [132]. For example, metastatic 

target organs in breast cancers are often brain, bones, liver and lungs. Zlotnik was the first to 

demonstrate that for breast cancer this pattern coincides with expression of CXCL12 whilst breast 

tumour cells overexpress CXCR4, the cognate ligand for CXCL12 [133]. It is therefore postulated 

that the migration of tumour cells during the metastatic process is controlled by the chemokine 

axes. Zlotnik also suggested that the CCR7 axis may promote metastasis to the lymph nodes since 

CCL19 and CCL21 are abundant in the lymphatics whilst breast cancers also express CCR7 

[134-136]. Since then, it has been demonstrated that a wider number of chemokine axes are 

involved in many different types of cancer. We also know that chemokines in general (and CCR7 

axis in particular) play a wider and multifaceted role in tumour expansion which not only 

includes migration but also promoting angiogenesis [137, 138], lymphangiogenesis [139], 

endothelial-mesenchymal transition [140-147] etc.  
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In normal physiology, expression of CCR7 is mostly associated with immune cells in primary and 

secondary lymphoid organs; for instance, thymus, bone marrow, spleen and lymph nodes [148]. 

However, several studies have reported the elevated expression of CCR7 in a variety of cancers at 

both mRNA and protein levels (Table 1). 

The expression of CCR7 in cancer 
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Table 1: Expression of CCR7 in various cancers. FCM= flow cytometry, qRT-PCR= quantitative 

real-time reverse transcriptase-polymerase chain reaction, IHC= immunohistochemistry, WB= western blot, 

(n)= Patients number, SNP= Single nucleotide polymorphism, PBMC= peripheral blood mononuclear cell.  

Cancer type Metastatic site Methods Expression Reference 

Nonsmall cell lung 

cancers (nsclc)

Lymph Node Metastasis 

(n = 71)

qRT-PCR/IHC 63.3% [149] 

Gastric carcinoma Lymph Node Metastasis 

(n = 64)

IHC 66 % [150] 

Breast cancer Skin Metastasis & Lymph 

Node Metastases (n = 142)

IHC 67% [151] 

Cervical cancer Lymph Node Metastasis 

& Vaginal Invasion (n =

174)

IHC 59 % [152] 

Oral squamous cell 

carcinoma

Lymphoid Tissue 

Metastasis (n = 85)

qRT-PCR/ 

WB/ IHC

65.9% [23] 

Esophageal 

squamous cell

carcinoma

Lymph Node Metastasis 

(n =96)

IHC 93.8% [25] 

Pancreatic cancer Lymph Node Metastasis 

(n= 89)

IHC 32.6% [153] 

Hepatocellular cancer Intrahepatic & Lymphatic 

Metastasis (n = 39)

IHC/WB 100% [154] 

Oral & oropharyngeal 

squamous cell

carcinomas

Lymph Node Metastasis 

(n=54)

IHC 60% [155] 

Colorectal carcinoma Lymphoid Tissue 

Metastasis (n = 99)

IHC 72% [156] 

Papillary thyroid 

carcinomas 

Lymphoid Tissue 

Metastasis (n = 65)

IHC/ 

qRT-PCR

High-intensity 

staining

[157] 

Uveal melanoma Liver Metastasis (n = 19) IHC/ SNP 76% [158] 

B-cell chronic

lymphocytic leukemia

Lymph Nodes (n = 45) FCM High [159] 

Lung 

adenocarcinoma

Lymph Node Metastasis FCM 65% [160] 

Urinary bladder 

cancer

Lymph Node Metastasis 

(n = 62)

IHC Significantly 

high

[161] 

Urothelial carcinomas Lymph Node Metastasis 

(n = 57)

IHC 82.5％ [162] 

Furthermore, high expression of CCR7 has been shown to correlate with LN metastasis in breast 

[163, 164], endometrial [165], and cervical [152], oesophageal [25, 166, 167], thyroid [157, 168], 

pancreatic [22, 153, 169], lung [149, 160, 170], tonsillar [171], and many other cancers (Table 1). 

Furthermore, expression of CCR7, along with other chemokines was associated with 

post-treatment relapse in breast cancer patients [151]. In oral squamous cell carcinoma (OSCC), 

expression of CCR7 corelates with LN metastasis [23], but interestingly, no such correlation was 

found with intra-tumoural CCL21 and CCL19 [172], which could suggest an imperative for 

tumour migration towards the LNs. While CCR7 up-regulation is well-corelated to many marks 

of solid tumours, such as hypoxia and lymphangiogenesis (see below), the origin of CCR7 ligands 

within the tumour, either from immune cells or neoplastic cells, remains unclear. In gastric 

cancers three studies found a correlation between CCR7 expression with LN metastasis [150, 173, 

174], but another found no correlation [175]. Similarly in colon cancer, one study found a 

correlation between CXCR4 and not CCR7 with LN metastasis [176] but another investigation did 

find a correlation, particularly with expression at the invading front of the tumour [156]. Elevated 

expression of CCR7 is generally indicative of poor prognosis in cancers [22, 23, 27, 29, 30, 149, 163, 
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171, 177, 178], however we should note that in lung cancers, CCR7 expression is reported to 

correlate with better prognosis [179].  

It is therefore clear that the weight of evidence suggests CCR7 expression contributes to cancer 

progression, however there are discrepancies. Further investigation to resolve these discrepancies 

is warranted, but one obvious explanation could be that the CCR7 expression may depend on the 

stage of tumour progression, or specific characteristics of a tumour. 

The correlation between the tumour stage and CCR7 or its ligand expression has been established 

in a few studies[180-182], in which the overall conclusion was pointing towards increase the 

expression at higher stages on cancer. This valuable insight could be a crucial factor to determine 

which form of intervention (activation or blocking) of CCR7 axis is beneficial to hinder tumour 

metastasis or progression (see later) 

As we will see shortly, there is a cross talk between CCR7 axis a number of cellular pathways. 

This means activation of CCR7 can initiate a number of different cellular responses. However, we 

now also know that CCR7 expression is regulated through a number of triggers. For instance, 

hypoxic stress, through hypoxia inducible factor HIF-1α, has been shown to be a potential 

promotor of CCR7 expression in head and neck [180], lung (also through HIF-2α) [183], and 

breast cancers [184, 185]. Other potential regulators of CCR7 expression in cancer are the 

immunomodulatory molecules in the tumour microenvironment such as NF-κB [186-188], 

Tumour Necrosis Factor (TNF) [189], and COX-2 [190]. Treatment of melanoma cell lines in vitro 

with trichostatin A and 5-aza-2-deoxycytidine is reported to increase CCR7 (and CXCR4) 

expression at epigenetic level [191]. Trichostatin A also increased CCR7 expression in 

hepatocellular cancer cells [192]. MicroRNA let-7a which is already identified as a regulator of 

tumour expansion is reported to down regulate CCR7 expression [193]. The CCR7 axis is closely 

associated with lymphangiogenesis and the relationship between VEGF and CCR7 axes will be 

discussed shortly, but we should note here that endothelin-A acting on endothelin receptor is 

reported to increase expression of CCR7 [184]. Despite of all this, there is a need to expand our 

understanding of the factors that can trigger increased expression of CCR7 even further. The 

evidence so far, portrays CCR7 as a key enabler in promoting tumour cell migration/invasion and 

lymph node metastasis through a number of mechanisms. It would obviously be helpful to 

expand our knowledge of how widespread that is. However, it would also be helpful to gain a 

better understanding if the tumour cell expression of CCR7 is influenced through treatment 

modalities, as this will impact on whether this axis also plays a role in resistance and recurrence. 

We will next look at how manipulation of CCR7 expression can influence tumour growth and 

dissemination. 

Validation of CCR7 as a target in cancer metastasis 

It has been shown in a number of different in vitro and in vivo preclinical cancer models, that an 

increase in CCR7 expression through genetic manipulation leads to increased tumour growth and 

metastasis and conversely, knock down or knock out of CCR7 expression reduces tumour growth 

and metastasis. Effect of CCR7 overexpression on tumour size and metastasis has been 

investigated in in vivo models for pancreatic [22], breast [194], and melanoma models [195]. 
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Transfection of CCR7 into a pancreatic ductal adenocarcinoma cell line PT45P1, increased the cell 

line’s migratory aptitude in vitro. When transplanted in an orthotopic nude mouse model, these 

cells gave rise to larger tumours, a higher frequency of lymph vessel invasion and increased 

lymph-node metastases compared to that observed in mock-transfected cells [22]. Similarly, 

orthotopic implantation of mouse mammary tumour cells (PyVmT) transfected to express CCR7 

resulted in increased metastasis to the lymph nodes. In comparison, the wild type control 

counterpart exhibited a complete inability to migrate to the lymph nodes, instead migrating to the 

lungs. Also, in the same study, CCR7 transfection resulted in a significant increase in tumour 

growth of PyVmT, MCF7, and MCF10A cell lines both in vitro and in vivo when compared with 

the corresponding wild type controls [194]. In a mouse model, B16 murine melanoma cells 

transfected to express CCR7 gave rise to significantly more LN metastasis compared to control, 

although the size of the primary tumours remained unaffected [195]. 

Knockdown of CCR7 in colorectal cancer cell line SW620, reduced the cells’ proliferation and 

invasion aptitude in vitro, and decreased LN metastasis in a mouse model in vivo [196]. Similarly, 

knockdown of CCR7 in MDA-MB-31 and 4T1, human and murine triple negative breast cancer 

cell lines, decreased their proliferation, migration and invasion in vitro and reduced the distant 

metastasis of 4T1 cells in an orthotopic model [197]. Knockdown of CCR7 in PC-3 human prostate 

cell line decreased growth, invasion, migration, and production of MMP-2 and MMP-9 in vitro 

and reduced tumour size and tumour angiogenesis in vivo [198]. 

CCR7 deletion (CCR7-/- mice) is non-lethal in mice. CCR7-deficient mice show a lack of efficiency 

in initiating fast primary B and T cell responses, a failure to early production of any specific IgG 

isotype antibodies as a response to the T-dependent antigen, disturbed lymph node cellular 

composition and impaired homing of immune cells. [33, 199, 200]. However, CCR7-deleted mice 

had the ability to develop an augmented immune response to various stimuli, including skin 

contact hypersensitivity (CHS) reactions. In addition, these mice caught up with producing IgG 

antibodies to a similar level compared with the wild type mice, after immunisation with a T cell–

dependent antigen. CCR7-deficient mice B cells were found to be partially capable to migrate to 

the splenic white pulp as well as to the lymph nodes [33, 200]. This could be attributed to the fact 

that the CCR7 axis is not the only chemokine regulator for mobilisation of lymphocytes. Thus 

CCR7 knock out could result in other chemokine receptors such as CCR9 [201], CXCR2 [202], and 

CXCR3 [203] adopting this role. Interestingly, a recent study found that CCR7 facilitate DCs and 

Treg communication, which is essential for the antigen-dependent Treg cell expansion and 

suppressive function. In this context, CCR7 appears to be more of immunity regulator than 

inductor. Based on this observation, antagonizing CCR7 in breaking Treg cell–mediated 

immunosuppression was proposed as a therapeutic strategy, whereas the utility of targeting 

CCR7 in diseases with immune pathogenesis was questioned [200]. Similarly, plt (paucity of 

lymph node T cell) mice which lack CCL21-Ser and CCL19 demonstrate a delayed but ultimately 

enhanced T cell response[204]. 

This would support the hypothesis that antagonizing CCR7 in CCR7+ cancers would inhibit 

migration and progression, with the minimum off target effects on the immune system. 

Supporting this argument is the fact that CCR7 mAbs therapy has already shown a significant 
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anti-tumour efficacy against chronic lymphocytic leukaemia, delaying tumour metastasis and 

growth rate [205, 206]. CCR7 deficient mice do not appear to have been studied as cancer models. 

In comparison with knock in/down studies, there are fewer studies of the application of selective 

inhibition of CCR7 in tumour models. Use of a monoclonal CCR7 inhibitory antibody is shown to 

delay the tumour appearance, and in the case of pre-established tumours to reduce the volume in 

a human mantle cell lymphoma model [206]. 

Before leaving the discussions on the significance of CCR7 expression in cancer, we note that 

Novartis is currently conducting a phase 1 clinical trial on non-Hodgkins lymphoma and chronic 

lymphocytic leukemia patients (NCT04240704, due to report in mid 2023) with JBH492. JBH492 is 

a derivative of cytotoxic agent, maytansine conjugated to a CCR7-binding antibody.[207] 

Antibody-drug conjugates or ADCs allow targeted delivery of a drug by covalently conjugating it 

to antibodies which specifically bind proteins overexpressed on tumour cells. Thus, they can 

improve therapeutic index of the drug. It would be interesting to see if a CCR7-binding antibody 

could sufficiently discern CCR7 expressing cancer cells from CCR7 expressing normal cells to 

avoid toxicity. 

CCR7/CCL19/CCL21 as a prognostic biomarker in cancer 

Since CCR7 and its ligands CCL19/CCL21 are significantly involved in the progression of 

different types of tumours, a number of studies have investigated the diagnostic value of CCR7 

and/or its ligands as a biomarker, or a predictor for patients’ survival. As described above, 

aberrant expression of CCR7 is observed in several cancers and this expression often corelates 

with poor prognosis. A meta-analysis of published literature up to January 2018 has shown that 

higher expression of CCR7 correlates with poorer overall survival (OS) and progression-free 

survival (PFS), although it did not show any correlation with disease-free survival (DFS), and 

recurrence-free survival (RFS) [208]. This is of course not surprising since CCR7 expression 

correlates with LN metastasis which in itself is an indicator of poor prognosis. However, the role 

of CCR7 as a prognostic tool may go beyond that. For example, in uveal melanoma CCR7 

expression in patient samples was identified as an independent predictive factor for poor 

survival, even independent of lymphatic dissemination [158]. Other researches have shown that 

the tumor expression of CCR7 correlates with lymphatic dissemination in HNSCCs [26] urinary 

bladder [161], and pancreatic cancers [153], and was  associated with the poor response to 

tyrosine kinase inhibitors treatment in metastatic renal cell carcinoma [209], and resistance to 

cetuximab in colon cancer [210]. This is an interesting observation since a recent study has 

suggested that tyrosine kinase inhibitors may actually reduce the expression of CCR7 in a 

different cancer, NSCLC [211]. CCR7 expression which is highly elevated in urothelial carcinomas 

[162, 212], was found to be a very good predictor of lymph node metastasis either on its own or in 

combination with pre-surgery CT (computed tomography) scan [213]. Another comprehensive 

study conducted a thorough meta-analysis of the literature from 1966 to 2015, highlighting that 

high CCR7 expression in gastric cancer is expected to be a negative prognostic factor and 

indicator for poor patient survival [214]. Interestingly in lung cancer, although higher CCR7 

expression is reported to correlate with LN metastasis and poorer survival in one study [215], we 
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should note that in another report CCR7 expression correlated to improved postoperative 

prognosis in lung cancer patients [179]. 

Prognostic value of CCR7 may be improved if used in conjunction with other biomarkers. For 

instance, in oesophageal cancer, patients with positive expression of CCR7 and/or VEGF-C were 

found to have a higher recurrence rate than patients without expression of either CCR7 and 

VEGF-C [216]. In breast cancer, patients exhibiting high CXCR4, CCR7, and EGFR expression 

experienced a shorter survival compared with those with low expressions [163]; and 

co-expression of CXCR4 and CCR7 predicts axillary lymph node metastasis [164]. In ovarian 

cancer co-expression of CXCR4 and CCR7 is indicative of poorer prognosis [152], whilst in lung 

cancer patients, co-expression of CCR7 and CXCR3 indicative of  lymph node metastatic [160]. In 

gastric cancers, co-expression of VEGF-C and VEGF-D along with CCR7 can predict lymphatic 

spread of gastric cancer [174]. 

CCR7 Ligands (CCL19/CCL21) have also been explored as potential biomarkers for screening and 

survival. In breast cancer, for example, a correlation between CCL19/CCL21 mRNA expression 

and triple negative receptors, such as PR, ER and Her-2, was recognised and subsequently 

established as a predictor of poor therapeutic response and outcome [217]. Recently, along with 

CCR7, CCL21 high expression was indicated as an effective diagnostic marker in gallbladder 

squamous cell adeno-squamous carcinoma and adenocarcinomas [218]. Advanced cervical 

cancers are associated with higher expression of CCL19 [219]. Interestingly, low expression levels 

of intra-tumoural CCL21 was reported to be associated with shorter patient overall survival (OS) 

and progression-free survival (PFS) in metastatic renal cell carcinoma post treatment with 

tyrosine kinase inhibitors [220]. This is in contrast with another report that both OS and PFS in the 

same cancer are associate with higher CCR7 expression [209]. Of course, the lower intra-tumoural 

CCL21 could be associated with the increased immune tolerance in advanced cancers.  

In summary, CCR7 may have a value as diagnostic or screening biomarker, specially if used in 

tandem with other biomarkers, although we need to gain a much better understanding of the 

factors that can influence its expression level. CCR7 ligands, CCL19 and CCL21, can potentially 

be detected in blood which is advantageous for any biomarker. However, since they can be 

produced by various other cellular sources and their expression can be affected by 

immunopathological conditions, as well as the status of the immune response in tumour 

microenvironment, they have less potential as a diagnostic tool.   

Wider participation of the CCR7 axis in tumour expansion 

Whilst the key role of CCR7 in tumours is in control of migration to the lymph nodes, there is 

emerging evidence that this axis can play a much wider role in tumour growth and 

dissemination. CCR7 belong to the GPCR family and it is already known that activation of GPCRs 

can stimulate a number of intracellular signalling pathways. Indeed, binding of CCL19 or CCL21 

to CCR7 is shown to result in activation of intracellular signalling pathways in tumour cell 

including PI3/akt [221-223], MAPK/ERK [161, 224-227], and Jak/STAT [228, 229] pathways (Figure 

1). Through modulation of these intracellular pathways, the CCR7 axis can exert a multifaceted 

influence on the biology of the cell and in particular have involvements in metastasis which goes 
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beyond directing the migration. Activation of CCR7 is known to upregulate MMP9 [[142, 230]], 

whilst contributing to endothelial mesenchymal transition by downregulating of E-cadherin and 

up-regulating of N-cadherin and vimentin levels [223, 231]. 

In addition there appears to be cross talk between the CCR7 axis and a number of other key 

proteins, such as VEGF, and signalling cascades such as twist [145], NOTCH [232], and WNT 

[170]. This means that the CCR7 axis can directly or indirectly influence a number of cellular 

responses other than migration and contribute to hallmarks of the disease in different ways. 

Figure 1 Cellular pathways activated by CCR7 axis. Following binding of CCL19 or CCL21 to 

CCR7, conformational changes in the receptor leads to detachment and separation of Gα and 

Gβ/Gγ subunits of the G-protein complex. Both the of Gα and Gβ/Gγ subunits can bind and activate 

a host of intracellular proteins hence propagate signalling cascades. The exposed C-terminus of 

CCR7 is phosphorylated by GRK leading to recruitment of β-arrestin.  

One of these additional key roles that CCR7 axis plays appears to be in lymphangiogenesis, the 

process by which new lymphatic vessels are generated both within and surrounding the tumour 

tissue. Lymphangiogenesis is primarily initiated through vascular-endothelial growth factors c and 

d (VEGF-C, VEGF-D). In breast cancer, the CCR7 axis is shown to promote tumour growth and 

metastasis via the up regulation of vascular endothelial growth factor VEGF-C [139]. The pathways 

that regulate this effect was investigated in vitro by an experiment in which CCR7 activation by 

CCL21 significantly induced lymphatic tube formation via ERK1-2 and akt/PKB phosphorylation 

[139]. Breast cancer cell line MCF-7 transfected to express CCL21 and subcutaneously implanted into 
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nude mice, showed significant increase in the recruitment of lymphatic endothelial cells compared 

with the mock-transfected control [139]. Conversely, CCR7 knock down in MDA-MB-231 cells 

resulted in a decrease in the recruitment of lymphatic endothelial cells when compared with the 

control group [139]. Furthermore, CCR7 silencing supresses the expression of VEGF-C, establishing 

the correlation between CCR7 axis and the VEGF-C production, and indicating that CCR7 is a 

potential regulator for VEGF expression [139]. In lung cancers too, CCR7 is shown to promote the 

production of VEGF-D [215], and down regulation of CCR7 is shown to reduce production of 

VEGF-C and VEGF-D [170]. This relationship appears to be synergistic. In both breast cancer [139] 

and NSCLC [233] down regulation of VEGF-C indirectly reduced the efficacy of CCR7 (and CXCR4) 

signalling through modulating akt/PKB, MAPK and ERK pathways.  

In addition, CCR7 involvement in breast cancer extends to other hallmarks of cancer such as evading 

apoptosis. A recent study revealed that as well as enhancing migration via the induction of 

epithelial–mesenchymal transition (EMT) and proliferation, CCR7 activation by CCL19 also 

supressed apoptosis in MCF‐7 and MDA‐MB‐231 cells by inducing akt/PKB phosphorylation. CCR7 

knockdown led to abrogation of the CCL19‐induced cell proliferation, and disruption in cell cycle 

[223]. Interestingly, CD133+ pancreatic cancer stem-like cells, which highly express CCR7, also 

express NF-κB [234]. CCR7 activation results in increasing ERK phosphorylation that is a known 

upstream regulator of NF-κB [225], which is a central regulator of EMT in several cancers [235, 236]. 

Thus, it has been hypothesised that CCR7 activation leads to promoting  EMT through this 

pathway, and thus facilitates tumour cell dissemination and enhances their migratory capacity, 

invasiveness, and metastasis and survival [237].  

In non-small cell lung cancer, CCR7 activation by either cognate ligands CCL19 and CCL21 

promotes tumour survival and growth. In addition to inducing lymphomagenesis and VEGF-D 

up-regulation [215]. CCR7 activation increases cell proliferation, specifically by increasing the cell 

number in G2/M phase of the cell cycle, through enhancing the phosphorylation of extracellular 

signal-regulated kinase (p-ERK) and cyclin A and B1 [238]. Similarly, in pancreatic cancer, CCR7‐

transfection of PT45P1 cells significantly boosted tumour growth, and their ability to metastasize to 

the lymph‐node was significantly enhanced when implanted orthotopically in comparison to the 

mocked transfected group [22].  

In a different study, similar levels of VEGF expression was found between normal pancreatic tissues 

and PDAC cells; suggesting that the CCR7 axis only plays a part in lymphangiogenesis [239]. 

Indeed, up-regulation of CCL21 in the tumour lymphatic vessels along with the high expression of 

CCR7 by PDAC cells was indicated to be the mechanism by which lymphatic invasion was 

facilitated.  

In support of a role in cancer for CCR7 which goes beyond modulating tumour metastasis, CCR7 

knock down/out studies in vivo have been shown to retard primary tumour growth in prostate 

cancer [198], osteosarcoma [240], colon cancer [241], tongue carcinoma [242], and other cancers. It is 

therefore clear that CCR7 silencing has the potential to significantly hinder growth as well as 

metastasis of tumours. 

Intervention in CCR7 axis as a therapeutic strategy 
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It is clear from the evidence presented above that CCR7 axis is critically involved in various aspects 

of in cancer development. Developing molecular tools which allow us to interrogate this axis is 

important for further evaluation of the role of this axis in disease progression and may be of clinical 

value for therapeutic intervention against cancer.  

Molecular basis of the interaction between CCR7 with CCL19 and CCL21 

CCR7 belongs to the class A membrane bound cell surface G protein-coupled receptor family 

(GPCR) [243] and consists of 353 amino acids. The crystal structure for CCR7 containing an 

allosterically bound antagonists has been reported [244] (Figure 2). Like all other class A GPCRs, 

CCR7 consists of seven α-helices traversing the cell surface lipid bilayer, which are joined by three 

extracellular loops and three intracellular loops, in addition to an extracellular N-terminus and an 

intracellular C-terminus (Figure 2). The receptor is initiated by binding of ligands to the 

transmembrane domain of the receptor. This binding results in dissociation of heterotrimeric G 

proteins from the intracellular domain of the receptor which can then initiate a range of intracellular 

signalling cascades leading to cellular change and physiological effects. These pathways are 

discussed elsewhere in this review (see Figure 1).  

CCL19 and CCL21 are the only two chemokine ligands that bind and activate CCR7, although both 

ligands also bind the atypical chemokine receptor ACKR4 [245]. Binding of CCL19/21 to ACKR4 

does not produce an intracellular signal so ACKR4 is generally considered to be a scavenger receptor 

which may control the concentration of chemokines in the immediate vicinity of the cell [246-249].  

Figure 2: The predicted structure (determined by crystallography) of CCR7 (extracted from PDB 

6QZH) with allosteric inhibitor Cmp2105 [244]. The inserted sialidase NanA portion of the structure, 

replacing the 3rd intracellular loop, is removed for clarity. 
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For both CCL19 and CCL21 proteins, the structure is comprised of, starting from the N-terminus, 

three antiparallel ß-sheets followed by an α helix before ending in the C terminus. The secondary 

structure is held together by two cysteine bridges between residues near N terminus with those 

approximately at the beginning of the second ß sheet and the end of the third ß sheet (between Cys8 

and Cys34 and between Cys9 and Cys50). CCL21 consists of 111 amino acids (12 kDa) (Figure 3A), 

whereas CCL19 has 77 residues (8.8 kDa) (Figure 3B). The longer CCL21 contains lysine rich, 

glycosaminoglycan (GAG) binding domains at its C terminus, suggesting this chemokine is likely to 

bind endothelial cell surface glycoproteins [250-253]. The structural differences between the two 

chemokines CCL19 and CCL21 reflects different physiological roles between them. This difference is 

partly attributed to different tissue distribution between the two. For instance, both CCL19 and 

CCL21 are secreted by the lumen of high endothelial venules, the stromal cells of the draining lymph 

node and the spleen, but only CCL21 is secreted from the endothelium of afferent lymphatic vessels 

(we note that whilst that is true in mouse, the release of CCL21 in human high endothelial venule 

has been questioned[254]. Since APCs and lymphocytes migrate against the chemokine 

concentration gradient, this is believed to be a means of controlling the concentration gradient of 

CCL21 in the entrance to the secondary lymphoid organs. Furthermore, the ability of CCL21 to bind 

cell surface glycoproteins means it is more slowly cleared through interstitial flow [255-257]. The 

difference between CCL19 and CCL21 can also be attributed to functional selectivity, more 

commonly known as biased signaling in CCR7 receptor [258-261]. This is a common feature in 

chemokine system[262] where different intracellular signaling pathways, or events, result from 

activation of the same receptor (for example CCR7) by different agonist ligands (for example CCL19 

and CCL21).  

Interestingly in mouse, there are two genes encoding for slightly different CCL21 proteins: CCL21a 

(also known as CCL21-Ser as it has a serine residue at position 65) and CCL21b (also known as 

CCL21-Leu as it has a leucine residue at position 65) [263, 264]. In mouse, whilst CCL21a is 

expressed in both secondary lymphoid organs and lymphatics, the CCL21-b is expressed only in the 

lymphatic endothelium of peripheral tissues. So, plt mice do not express CCL19 or CCL21-a, but do 

express CCL21b at reduced levels in lymphatic endothelium. 

The exact differences between activation of the CCR7 receptor by the two different ligands, CCL19 

and CCL21, is only partially known. A key difference is that CCL21 activation appears to recruit 

only GRK6 (G protein-coupled receptor kinase-6) whereas CCL19 tends to recruit both GRK3 and 

GRK6. G protein-coupled receptor kinases play a key role in ending the signalling through GPCR 

(desensitisation) by phosphorylating the serine and threonine residues in the intracellular C-domain 

of the receptor, and by recruiting β-arrestin-2. Although activation of CCR7 with both ligands leads 

to binding of β-arrestin-2 and activation of the so called arrestin G protein-independent ERK 

pathway, only binding by CCL19 leads to the formation of clathrin pits, endocytic vesicles and 

internalisation of CCR7 via endocytosis [265]. In addition whilst the majority of biased signalling in 

GPCRs can be attributed to activation of different G-protein subunits [266], this doesn’t appear to be 

the case for CCR7. Both CCL19 and CCL21 appear to transmit signalling through a Gαi or G12 
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subunits. Instead the biased signalling is associated with differences in the interaction between 

CCL19 or CCL21 with the 2nd extracellular loop of the CCR7 [267]. 

Figure 3: The solution structure (determined by NMR spectroscopy) of full-length chemokine CCL21 

(PDB 2NL4)[268], (A); and chemokine CCL19 (PDB 2MP1)[269] (B). 

It has been postulated that chemokines, including CCL19 and CCL21 bind to their receptors via a 

two-step process [270-272]. In the first step, chemokines (CCL19 and CCL21 in this particular case) 

interact with the extracellular loops and N-terminus of their cognate chemokine receptor (CCR7 in 

this case). This interaction results in conformational changes within the receptor, which in the 

second step enables the N-terminus of the chemokine to be delivered inside the receptor’s binding 

pocket (Figure 3). Finally, this binding of the chemokine N-terminus within the receptor causes 

further conformational changes which results in dissociation of the G-protein and transmission of 

the signal within the cytoplasm. For CCL19 and CCL21 these are the seven residues in the 

N-terminus preceding the first cysteine bridge (at Cys8) which are respectively the Gly1-Asp7 and

Ser1-Asp7. There are a number of studies that support this hypothesis. For example, it has been 

previously shown that sequential N-truncation of CCL21 reduces the efficacy of both chemotaxis 

and calcium mobilisation for CCL21 [273]. N-truncated CCL19 is shown to bind but not activate 

CCR7, and hence acts as an antagonist of the receptor [273, 274]. Furthermore, a chimeric protein in 

which the N-terminal sequence of CCL19 is replaced by the N-terminal sequence of CCL21, 

effectively functions as CCL21 [275]. In addition, a computational study has concluded that Gly1, 

Thr2, Asp4, Asp7 and Thr13 of CCL19 interact and form hydrogen bonds with Arg201, Val129, 

Lys130 which is predicted to form salt bridge with Asp4 and Asp7) and Glu215 in CCR7. Finally, we 

have demonstrated that Ser1-Asp7, the pre cysteine bridge N terminal peptides of CCL21 and 

Gly1-Asp7 the pre cysteine bridge N terminal peptides of CCL19 are weak agonists of CCR7 [276]. 

Small molecule antagonism of CCR7 
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As described previously, N-truncated CCL19 is a weak inhibitor of CCR7 and it presumably works 

by binding to the extracellularly exposed portion of CCR7 preventing the binding of CCL19 and 

CCL21. To date, few small molecule CCR7 antagonists are reported. Cosalane is the most potent of 

three relatively weak inhibitors of CCR7 reported from a high throughput screen (IC50 = 0.2 µM 

against CCL19 and 2.7 µM against CCL21 in β-arrestin assay) [277]. A previous in silico study has 

also reported a number of small molecules with potential CCR7 inhibitory activity, although the 

compounds were not tested [278]. ICT13069 is also reported as a CCR7 antagonist with apparent 

selectivity over CXCR4 [279]. Cmp2105, which is the bound ligand in the crystal structure of CCR7 

and navarixin (currently in several clinical trials) [280-283] are also pharmacological allosteric 

antagonists of the receptor. Cmp2105 is a member of the 1,2,5-thiadizole 1,1-dioxide family of GPCR 

antagonists [284] previously reported to be a dual antagonist of CXCR1/CXCR2. Navarixin is a 

member of cyclobutene-1,2-dione family of CXCR1/CXCR2 dual inhibitors. Interestingly, both 

molecules dock in the intracellular part of the receptor cavity. CCR7 is closest in homology to CCR2 

and CCR9, both of which are also reported with allosteric antagonist bound in the intracellular part 

of the receptor cavity, strongly suggesting that this is a binding pocket for this group of chemokine 

receptors [285].  

Conclusion: What next in CCR7 research? 

As discussed above, there are still a number of unanswered questions that need to be addressed 

before we can fully understand the therapeutic potential of CCL19/CCL21/CCR7 axis. The first key 

question arises from the dichotomy between the roles of CCR7 in boosting immune response to the 

tumour and in promoting LN migration and metastasis. Whilst the latter requires potentiation of 

CCR7 signalling within the tumour, the former requires its inhibition as their therapeutic 

approaches. On the face of it, this implies an ambiguity as to whether agonists or antagonists of 

CCR7 are most desirable for a therapeutic intervention in cancer. Strategies based on preventing LN 

colonisation and metastasis through CCR7 antagonism may inadvertently help the progression of 

cancer via dampening immune response to it, and strategies based on boosting CCR7 expression or 

introduction of CCL19/21 into the tumour milieu may inadvertently promote metastasis.   

First thing to note is that existing experimental animal models are not suitable for deconvoluting the 

two therapeutic roles. The majority of in vivo experiments that study effect of CCR7 inhibition on 

metastasis are performed in immunodeficient mice. Therefore, assessing the full impact of CCR7 

inhibition on immune response to the tumour cannot be ascertained. Similarly, animal models set up 

for studying immune response to tumours are not usually amenable to assess metastatic potential. 

Secondly, we know that tumour microenvironment undergoes significant changes as tumours 

progress. This implies that whether the most efficient means of stopping the spread of the tumour is 

inhibition or potentiation of CCR7 axis, may very much depend on characteristics of the tumour at 

the time of intervention. This, in turn, suggests that in order to understand the therapeutic potential 

of CCR7 axis, we need to gain a better understanding of the immunological changes that occur 

within the tumour microenvironment, and specific triggers for CCR7 mediated metastasis as 

tumours grow. 

Journal Pre-proof



The second key question is whether, in view of the overlaps that exists between different immune 

response axes, selective targeting of CCR7 on its own is going to translate to a significant clinical 

outcome. We know that as they grow, tumours gain the ability to evade immune surveillance or 

dampen the immune response through a multitude of mechanisms [286-289]. Other factors such as 

cytokines released by various infiltrated leukocytes, tissue surrounding the tumour or as a result of 

developing hypoxic/necrotic regions, can promote not only immune resistance, but also 

angiogenesis, proliferation and metastasis [290, 291]. A major consideration here are whether 

potentiation of CCR7 signalling can cope with this immune modulation and also if potentiation of 

CCR7 signalling can undesirably initiate resolution of inflammatory response as was suggested in 

the case of pancreatic cancer [200]. Similarly, inhibition of CCR7 alone may not sufficiently slow 

down or delay metastatic dissemination of tumours as there may be compensatory pathways to 

counteract it. Along with CCR7, CXCR4 and CXCR3 axes also control migration to the LNs and are 

shown in their own rights to be clinically relevant [292-294]. Indeed, CCR7 deficient (CCR7-/-) mice 

show a significantly weaker and delayed immune response, but not entirely lose it [33, 199, 200]. The 

observations that co-expression of CCR7 with CXCR3 [160] and CXCR4 [152, 157, 164] exacerbates 

poorer prognosis may suggest dual or triple targeting of these chemotactic axes may be more 

beneficial that targeting one alone. On the other hand, the significant dampening of the immune 

response which this will cause may make that strategy prone to significant adverse side effects, and 

compensatory role of other axes so as to maintain a residual immune response may be clinically. 

There is of course a corollary to such dual targeting strategies. CXCR4 antagonism has been 

extensively studied both in preclinical and clinical settings in cancer [295], but CXCR4 small 

molecule antagonists have so far failed to demonstrate significant clinical efficacy. Dual 

CCR7/CXCR4 antagonist may be beneficial over CXCR4 selective antagonists in this respect. 

Another key question is around developing CCR7 antagonists as antimetastatic agents. Despite the 

fact that metastasis is the main cause of cancer morbidity and mortality [129], there are limited 

therapeutic  options in the clinic to specifically treat metastasis. [131, 296, 297]. Indeed, the majority 

of the treatments applied to metastatic cancer, still target hallmarks of primary disease rather than 

the metastatic process. One of the most interesting developments in recent years has been the reports 

that show CCR7 axis may contribute to other hallmarks of cancer, beyond metastasis. This suggests 

two potential avenues for exploiting CCR7 axis as a therapeutic target. The first is that CCR7 

antagonists can be used as dual targeting drugs, for example preventing both tumour growth and 

metastasis as clinical endpoints. The other is the CCR7antagonists can be used as adjuvants to 

current established therapies. Recent reports that CCR7 contributes to resistance to cetuximab [210], 

and that CCR7 reduces cytotoxicity in colon cancer cell lines in vitro [298] are just two examples that 

highlight this feature of CCR7 axis. 
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