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Abstract

:

The CCR4 receptor is a pivotal target in cutaneous T-cell lymphoma (CTCL) therapy due to its role in impairing immune responses against malignant T-cells and expression profiles. Monoclonal antibodies like mogamulizumab effectively bind to CCR4, reducing tumour burden and enhancing patient outcomes by inhibiting the receptor’s interaction with ligands, thereby hindering malignant T-cell migration and survival. Combining CCR4 antibodies with chemotherapy, radiation, and other drugs is being explored for synergistic effects. Additionally, small-molecular inhibitors, old pharmacological agents interacting with CCR4, and CAR-T therapies are under investigation. Challenges include drug resistance, off-target effects, and patient selection, addressed through ongoing trials refining protocols and identifying biomarkers. Despite advancements, real-life data for most of the emerging treatments are needed to temper expectations. In conclusion, CCR4-targeted therapies show promise for CTCL management, but challenges persist. Continued research aims to optimise treatments, enhance outcomes, and transform CTCL management. This review aims to elucidate the biological rationale and the several agents under various stages of development and clinical evaluation with the actual known data.
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1. Introduction


Cutaneous T-cell lymphoma (CTCL) is a heterogeneous group of haematological cancers that primarily develops in the skin and is derived from T-cells. This definition accounts for several neoplasms with different prognoses and aetiologies, including primary cutaneous anaplastic large cell lymphoma, subcutaneous panniculitis-like T-cell lymphoma, adult T-cell leukaemia/lymphoma, primary cutaneous gamma-delta T-cell lymphoma, and also the extranodal NK/T-cell lymphoma, which represent approximately 75–80% of all primary cutaneous lymphomas [1]. However, mycosis fungoides (MF) and Sezàry syndrome (SS) are the most studied since their prevalence ranges from 60 to 80% in the population affected by CTCLs [2], usually present in males in their sixth decade [3,4].



MF is characterised by indolent behaviour in the early stages, while advanced phases are regarded as an aggressive disease like SS [5,6,7,8,9]. Based on such clinical behaviour, it is unsurprising that skin-directed therapies are recommended in early MF, while systemic drugs are warranted in SS and advanced MF [10]. However, despite scheduled therapies, the clinical outcome of advanced MF and SS has been invariably bad, with an estimated overall survival (OS) ranging from 4.7 to 1.4 years, according to the literature data [11,12,13,14].



A ‘revolution’ in CTCL treatment has started in the last few years. Indeed, the therapeutic armamentarium has been implemented, and an approach has been formed based on the destruction of highly proliferating cells (i.e., the action of chemotherapy). The goal of the newly available drugs is not merely based on the induction of the apoptosis of the neoplastic cells, but it is also found on the reawakening of the host immune system to contrast CTCL [5,6,7,9,15,16,17,18].



Indeed, besides the well-known chemotherapeutic agents (both single agents and polychemotherapy regimens) that present various limitations in clinical practice (patient immunodepression, cardiotoxicity, palmoplantar erythrodysesthesia, pancytopenia, and unfit patients due to co-morbidities) [13,14,19,20,21] and limited efficacy (time-to-next treatment range from 1.8 to 4 months [22,23,24]), new drugs have been developed; to date, more treatments are under investigation in clinical trials.



Among the forerunners of the new generation of target therapies that exert their action by binding with molecules mainly or exclusively expressed by CTCL cells, mogamolizumab seems to be one of the most promising.



It exploits the chemokines’ different expression profiles possessed by cutaneous lymphomas compared to those in a non-tumoral environment.



Chemokines are a type of cytokines responsible for the chemotaxis of leukocytes. There are four different classes of chemokines, divided on the molecular basis of the first two cysteine groups in their structure: α-chemokines (CXC), β-chemokines (CC), γ-chemokines (C), and δ-chemokines (CX3C).



Of these groups, CXC- and CC-related receptors (with the added suffix R to the terminology) are widely expressed in CTCLs [25,26,27].



More specifically, CCR3 has been found to be well expressed in CD30+ skin lymphoma [28], CCR7 seems to promote nodal infiltration and metastasis [29], CXCR4 has been found to be related in skin homing [30], and CCR10 appears to be involved in malignant T-cell trafficking [31], but among all of these, CCR4 is found to be widely expressed in tumoral CTCLs cells [32,33].



In concert, it is easy to think how such different expression levels can be exploited as a selective target and to block the mechanisms underlying this expressive model to treat the disease.




2. The CCR4 Receptor


The CCR4 (β-chemokine/C-C chemokine receptor type 4) is a cell surface receptor encoded by its related gene and is also a cluster of differentiation (CD194) [34]. It is a G-protein-coupled receptor (GPCR) for signal transduction, causing cell activation and chemotaxis (Figure 1).



The following CC chemokines activate it: CCL2 (Monocyte Chemoattractant Protein-1—MCP-1), CCL4 (Macrophage Inflammatory Protein 1—MIP-1), CCL5 (Regulated upon Activation, Normal T-Cell Expressed and Presumably Secreted—RANTES), CCL17 (Thymus Activation-Regulated Chemokine—TARC), and CCL22 (Macrophage-Derived Chemokine) [35].



CCR4 is expressed mainly by lymphocytes [36], mainly on Th2 lymphocytes and is upregulated by T-cell receptor activation. Specifically, Th2-type CD4+ T-cells, which are involved in allergic inflammatory disorders such as asthma, atopic dermatitis, and allergic rhinitis, express CCR4. On the other hand, the expression of CCR4 on Th1 cells, which are usually involved in cell-mediated immunity against infection, is related to a different immune mechanism and is relatively depleted [18,37,38]. The effectiveness of anti-CCL17 and anti-CCL22 antibodies in murine asthma models supports and strengthens a prevalent function for CCR4 on Th2 cells; as Th1 and Th2 responses have opposing functions, CCR4 antagonists act as adjuvants to steer the immune response toward a Th1-type response [39,40,41].



Tregs and plasmacytoid dendritic cells (pDCs) also express CCR4. Some reports explored its importance in the trafficking of dendritic cells [42]. Specifically, Tregs keep DCs immature, making them ineffective at stimulating T-cell responses. Given that CCR4-mediated migration in response to chemokines produced by DCs is essential, CCR4 antagonism, implicated in DC-T cells, may improve immunological responses by disrupting Tregs’ inhibitory role. Moreover, CCR4 expression varies among different T-cell effector subsets. Therefore, CCR4 antagonists may produce various types of immunological responses.



CCR4 is often expressed on leukemic cells in CTCL [43]. Notably, CCR4 expression on leukemic cells in CTCLs has been shown to play a pivotal role in the pathogenesis of these malignancies [33]. Among targeted therapies, mogamulizumab, a humanised monoclonal antibody directed against CCR4, demonstrated effectiveness in CTCLs [44].



CCR4 is a therapeutic target for different malignancies due to its role in immune cell recruitment in the tumour microenvironment. On the other hand, CCR4 underexpression is observed in autoimmune diseases, including multiple sclerosis [36,45].



This multifaceted involvement of CCR4 in various diseases highlights its significance in medical research and the potential for targeted therapies in disorders ranging from haematological malignancies to autoimmune and allergic conditions.



CCR4 in Cutaneous Cell Lymphoma Development


Due to its role in malignant lymphocyte chemotaxis, CCR4 is expressed in MF (including CD8+ subtypes), SS, and other lymphomas [46], such as T-cell leukaemia/lymphoma (ATLL) [47].



CCR4 is expressed by both tumour cells and microenvironment cells. In a subset of individuals with CCR4+ ATLL, the tumour cells may act as regulatory T-regs cells, promoting tumour immune escape. Moreover, specific ligands for CCR4, produced by the tumour cells and the tumour microenvironment cells, attract CCR4+ Treg cells, leading to tumour immune escape in different types of cancers [48].



Hence, the potential of addressing CCR4 is to use it as a selective target and inhibit it to re-establish the immune response.





3. The Developed and Under-Investigation Treatments to Address CCR4


Several therapies interacting with CCR4 receptors have been studied or are currently under investigation Table 1.



We focused on mogamolizumab, a humanised monoclonal antibody directed against CCR4 with potential anti-inflammatory and antineoplastic activities.



Regarding the small molecules, many compounds have common characteristics and functions as GPCR ligands, including the biphenyl tetrazole moiety [36,49], a vaccine adjuvant.



Researchers have studied several antagonists classified as small soluble molecules that can interact with CCR4. These antagonists have been classified into two main groups according to their binding with CCR4 sites [50]: Class I antagonists bind CCR4 extracellularly, while Class II antagonists bind CCR4 intracellularly.



They include drugs studied in vitro, in a murine model, and in vivo such as compound 22 (Bristol-Myers-Squibb), compound 8c (Astellas, Tokyo, Japan) [51], RS-1748 (Daiichi Sankyo, Tokyo, Japan) [52], Zelnecirnon (Rapt Therapeutics, San Francisco, CA, USA) [53], GSK2239633 (GlaxoSmithKline, Brentford, UK) [54], AZD-1678 and AZD-2098 (AstraZeneca, Cambridge, UK) [55], SP50 (Matthew N. Davies et al.) [49,56], and related compounds, C021 (Lett et al.) [57], K777, CCR4 antagonist 18a, and CCR4-351. Most of these molecules have been investigated in the contexts of allergies, Th2-mediated infections, autoimmune diseases, and vaccinations.



Of the entire panorama of soluble molecules, we report below those that achieved some results in, at least, in vitro stage research and those with data reported on the Medline database. Finally, we discuss the reported data on CAR-T (Chimeric Antigen Receptor T-cell therapy) targeting CCR4 [58].





 





Table 1. Approved or under-investigation CCR4 receptor therapies.






Table 1. Approved or under-investigation CCR4 receptor therapies.












	Drug Name
	Type of Drug
	Approved Status
	Indication
	References





	Mogamulizumab
	Monoclonal antibody
	Approved for CTCLs
	Cutaneous T-cell lymphoma (CTCL)
	[59,60,61,62]



	Compound 22
	Small-molecular antagonist
	Pre-clinical investigation
	Investigated for allergies, Th2-mediated infections, autoimmune diseases, and vaccinations
	[57,63]



	Compound 8c
	Small-molecular antagonist
	Pre-clinical investigation
	Investigated for acute dermatitis treatment
	[51]



	RS-1748
	Small-molecular antagonist
	Pre-clinical investigation
	Investigated for airway inflammation
	[52]



	Zelnecirnon
	Small-molecular antagonist
	Clinical trial
	Investigated for atopic dermatitis
	[53]



	GSK2239633
	Small-molecular antagonist
	Clinical trial
	Investigated for asthma indication
	[64,65]



	AZD-1678
	Small-molecular antagonist
	Pre-clinical investigation
	Investigated as CCR4 receptor antagonist candidate drugs
	[55]



	AZD-2098
	Small-molecular antagonist
	Pre-clinical investigation
	Investigated as CCR4 receptor antagonist candidate drugs
	[55]



	SP50
	Small-molecular antagonist
	Pre-clinical investigation
	Investigated for vaccinations
	[49,56]



	C021
	Small-molecular antagonist
	Pre-clinical investigation
	
	[57]



	K777
	Small-molecular antagonist
	Pre-clinical investigation
	Investigated as antiviral agent
	[66,67]



	CCR4-351
	Small-molecular antagonist
	Pre-clinical investigation
	Investigated for lymphoblastic and epithelial neoplasms with positivity for Epstein–Barr Virus
	[68]



	CCR4 antagonist 18a
	Small-molecular antagonist
	Pre-clinical investigation
	Investigated as antiviral agent
	[67]



	C01 dihydrochloride
	Small molecule
	Pre-clinical investigation
	Cutaneous T-cell lymphoma (CTCL)
	[57]



	CAR-T
	Chimeric Antigen Receptor T-cells
	Clinical trials for CTCLs
	T-cell malignancies
	[58,69]



	Chloroquine/Hydroxychloroquine
	Anti-malarial drug
	Approved for autoimmune diseases, and investigational drug for CTCLs
	Systemic lupus erythematosus, rheumatoid arthritis, porphyria cutanea tarda, q-fever, malaria, and inflammation
	[70,71,72,73]








3.1. Mogamolizumab


Mogamulizumab (Codename KW-0761) is a defucosylated humanised monoclonal antibody against CCR4, and it exerts its antitumour action by binding CCR4 and consequently inducing the apoptosis of neoplastic T-cells, and by depleting immunosuppressive cells recruited by malignant counterpart, leading to an increase in host immune response against the disease [59,74,75]. The efficacy of mogamulizumab has been evidenced in the MAVORIC trial [60,61], an open-label, multinational, phase 3 randomised controlled trial that compared mogamulizumab with vorinostat, an oral histone deacetylase inhibitor, in relapsed or refractory CTCL patients. The trial showed that mogamulizumab presented a significant increase in progression-free survival (PFS) compared to vorinostat (hazard ratio: 0.53, 95% CI [0.41–0.69], p < 0.0001). Post hoc analysis and real-life clinical practice corroborated the MAVORIC trial data [44,59]. The drug was administered at 1 mg/kg intravenously weekly in the first 28-day cycle and then on days 1 and 15 of the subsequent cycles until disease progression was observed.



3.1.1. Real-Life Experience and Post Hoc Analysis


Beylot-Barry et al. [62] performed a post hoc analysis of the MAVORIC trial data, revealing a median time-to-global response (TTR) of 3.3 months. The times-to-compartmental response was 1.1 months in blood, 3.0 months in skin, and 3.3 months in lymph nodes. The parameters mentioned above were not estimable for visceral involvement. Beylot-Barry et al. [62] aimed to analyse overall response rate (ORR), progression-free survival (PFS), time-to-next-treatment (TTNT), and TTR, narrowing the cohort to MF patients treated with mogamulizumab and showing that, in MF patients, ORR, PFS, and TTNT were directly related to the blood involvement. The improvement estimated with ORR, PFS, and TTNT was higher in patients with a higher blood tumour burden.



In the French group analysis, half of the patients exhibited a global response later than the three months reported in the MAVORIC trial (up to 8.7 months). Skin response occurred with a median time of 3.9 months, but half of the patients responded later (up to 13.2 months). The take-home message of the paper is that clinicians should wait at least five months before switching an MF patient from mogamulizumab to another drug, and patients should be informed of the possibility of a delayed therapeutic response. MF patients with a high blood tumour burden (i.e., B1 and B2 based on EORCT/CLTF staging) should be considered the best candidate for the treatment. A possible explanation of the better efficacy in those patients may be related to mogamulizumab’s better access to neoplastic cells in peripheral blood rather than in the skin, leading to a higher reduction in the global tumour burden as pointed out by the first post hoc analysis by Cowan R.A. et al. [44].



Furthermore, as observed by Horwitz S. et al. [60], mogamulizumab efficacy was not influenced by the number of prior-administered therapies, revealing it to also be an efficient treatment in heavily pre-treated patients. Patients with a higher risk of becoming non-responders were those who showed a loss of CCR4 antigen expression, as observed in 17 patients by Beygi S. et al. [76]. Moreover, the loss of CCR4 expression should discourage clinicians from treating such patients with CCR4 targeted therapies. Concerning mogamulizumab efficacy, Ohuchi et al. [77] hypothesized that serum CCL-22 levels may correlate with mogamulizumab response. Indeed, in the described cases, patients who responded to mogamulizumab presented a decrease in serum levels of CCL22, while no differences were identified in the serum levels of CCL17, CCL19, CXCL10, or CXCL13. Most CCL22-producing cells were CD-163+ tumour-associated macrophages surrounded by CCR4+ CTCL cells at immunofluorescence.




3.1.2. Report on Combination Treatment


Real-world evidence on mogamulizumab revealed treatment efficacy in CTLC patients and highlighted the possibility of combination treatment with mogamulizumab and other drugs.



Hisamoto T. et al. [78] proposed the combination treatment with mogamulizumab and bexarotene by describing a patient who achieved complete remission (CR) after the combination scheme. Also, Teoli et al. [79], despite the different mechanisms of action of these two drugs, reported promising results in patients treated with mogamulizumab and bexarotene. The authors specified that mogamulizumab was added after bexarotene began achieving a reduction in mSWAT score during follow-up. Teoli et al. [79]. enthusiastically highlighted that the response was maintained longer than expected.



Only one paper has provided evidence on the efficacy of the combination of mogamulizumab with total skin electron beam treatment (TSEBT) [80]. In our opinion, such a combination approach may be promising and should be encouraged owing to the different actions of TESBT and mogamulizumab. Indeed, TSEBT may induce an increase in neo-antigens from the skin to blood. At the same time, mogamulizumab may provide a response in the blood compartment, leading to an immune response that empowers and reduces immunosuppressive cells. Fong et al. [80] observed a complete response in two SS patients after TSEBT + mogamulizumab. Interestingly, low-dose total skin electron beam therapy (LD-TSEBT) was given before mogamulizumab therapy.



Other encouraging data have been recently provided by Rubio-Muniz C.A. et al. [81], who described seven SS patients treated with a combination of extracorporeal photopheresis (ECP) and mogamulizumab. In six skin-level instances, a partial response (PR) was observed, while in peripheral blood, five CRs and one PR were detected.



Although the cohort of patients is limited in all the cases described in the literature, such preliminary data pave the way for combination treatment with mogamulizumab and other treatments, especially those known to exert their action by directly acting on neoplastic cells (like TSEBT) and/or also acting on the microenvironment or host immune system (like ECP or bexarotene). More cases are required to corroborate preliminary data, possibly with prospective multicentric studies.




3.1.3. Mogamulizumab-Associated Rash


Since the MAVORIC trial, mogamulizumab-associated rash (MAR) has been reported as the second most common adverse event [60,61]. Numerous reports in the literature have contributed to depicting such types of adverse events/effects [82,83,84,85,86,87]. Our group was the first to describe an MAR in 2018. The described patient presented with a skin eruption characterised by erythematous plaques on the face and the neck, which was regarded as a sort of a treatment-related pseudo lymphomatous reaction. Indeed, after the suspension of mogamulizumab, the lesions regressed.



Interestingly, the plaques simulated a relapse in SS, the disease that affected the patients. Clinical practice has improved our knowledge on MAR, and to date, four clinical patterns (folliculotropic MF-like scalp with alopecia, papules and/or plaques, photo-accentuated dermatitis, and morbilliform or erythrodermic dermatitis) have been described along with peculiar histological presentation (psoriasiform/spongiotic pattern, lichenoid/CD8+ interface presentation and granulomatous, with mixed pattern). In most of the paper, it is stressed that MAR is difficult to distinguish from a CTCL relapse at a skin examination. At the same time, immunohistology provides clues for MAR diagnosis (presence of peculiar infiltrate as mentioned above and the expression of pan-T-cell markers such as CD7 and polyclonal TCR) [82,83,84,85,86,87].



Apart from the most common MAR presentation, sporadic cases of MAR presenting as lupus miliaris facei [84], alopecic lesions [82,86], and sebaceous hyperplasia eruption [88] have been reported in the literature. All the reported experiences strongly agree that MAR development is more common in SS and related to a better clinical outcome [4,82,83,84,85,86,87,89,90,91]. Such a finding is not trivial and should be associated with a direct action on neoplastic cells (i.e., apoptosis of tumour cells) and the decrease in immune suppressive cells (Treg cells). Hence, MAR should not be considered a mere adverse event but an excessive activation of the immune system.




3.1.4. Recent and Ongoing Clinical Trials


Since 2018, the year of publication of the MAVORIC study, further studies in addition to those already cited, both under controlled and real-world settings, have taken place to investigate the efficacy and safety of mogamolizumab in CTCLs and other solid tumours. The table shows the currently published results of the most recent and ongoing trials listed in the Medline database (Table 2).





3.2. Zelnecirnon (RPT193)


Zelnecirnon (code name: RPT193) is a molecule under investigation by RAPT Therapeutics, Inc. [53], for atopic dermatitis. In in vitro studies, it inhibited Th2 cell infiltration and chemotaxis [103] and reduced Th2-derived AD lesions in a murine model [104].



It is administered orally, and in the phase 1 study, the gene expressions of known biomarkers such as IL-19, CCL20, and CXCL1 were significantly downregulated in the RPT193-treated arm, along with IL-8, CCL19, CCR7, CCL2, IL-9, and the regulatory CTLA-4, also known to be related to CTCLs’ pathogenesis. The phase 2 study is currently ongoing [53].



There are no known in vivo or in vitro CTCL-related studies regarding this compound.




3.3. K777


K777 is a selective CCR4 antagonist featuring potent chemotaxis inhibition, is also an orally active and irreversible cysteine protease [105], is a CYP3A4 inhibitor, and is a broad-spectrum antiviral targeting cathepsin-mediated cell entry (showing efficacy against SARS-CoV and Filovirus [63]).



In the study of a compound that could inhibit Th2 lymphocyte chemotaxis for addressing allergic diseases, Sato et al. [64] have discovered in a binding assay using CCL17, a CCR4 ligand, the low effectiveness of the molecule [64].



In in vitro studies based on a chemotaxis assay of Hut78 cells, K777 showed a potent inhibitory activity for chemotaxis. The activity was higher than expected and more powerful than the classical competitive antagonist of a GPCR. It also effectively induced CCR4 internalisation without affecting CCR8 or CXCR4 chemotaxis [64,65].



Unfortunately, studies on this compound have remained at the pre-clinical stage and are very limited [106]. This is unfortunate given the high selectivity for CCR4 and the ability to induce internalisation, a factor that could easily be exploited in treating CTCLs.




3.4. CCR4 Antagonist 18a


Compound [8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107] (CCR4 antagonist 18a), not to be confused with another molecule also named 18a (in the literature also known as HIV-1 inhibitor 18A, studied for its capacity to inhibit HIV-1 entry in cells expressing CCR5 [70]), was discovered by Lena Shukla et al. [107]. It was found to have a high affinity for CCR4 and to induce the internalisation of about 60% of the CCR4 cell surface receptors, which is generally unusual for small molecules.



Recently, another study showed that it binds and inhibits CCR4 signal [106] better than HCQ without QT prolongation effects, along with K777 and mogamulizumab.



As for K777, the capacity of receptor internalisation could be exploited to target CTCLs, but further studies are still lacking.




3.5. CCR4-351


CCR4-351 is an orally active, potent, and selective CCR4 antagonist.



In both in vitro and murine models, Marshall et al. [71] have assessed how CCR4-351, combined with an anti-CPI drug, inhibits Treg migration and increases CPI antitumour effects compared to high and low CCR4 ligand expression samples, respectively. They found that T-regs migrations into the tumour environment led to a more rapid tumour expansion and that CCR4 blockage by CCR4-351 reduced T-regs migration and increased antitumour activity, supporting the clinical development of CCR4 inhibitors in combination with CPI for the treatment of cancer [71].



Another study assessed the capacity of CCR4-351 to exert antitumoral effects on lymphoblastic (Hodgkin lymphoma) and epithelial (nasopharyngeal carcinoma) neoplasms with positivity for Epstein–Barr Virus, showing how antagonism of the CCR4 receptor with this molecule may effectively activate the immune response against EBV+ tumours [72].



Studies on CCR4-351 remain limited and at the pre-clinical stage, with no data regarding CTCLs.




3.6. AZD-1678 and AZD-2098


AZD-1678 and AZD-2098 are two compounds that Nicholas Kindon et al. group (AstraZeneca) developed. Nicholas Kindon et al. [55] revealed that these compounds exhibit increased activity and reduced lipophilicity, achieving plasma protein binding of less than 99% of CCR4 receptors and showing good selectivity for CCR4 receptors without any agonist activity at concentrations up to 10 μM.



Biological assays confirmed the antagonist potency of these compounds in various cell systems, demonstrating a lack of agonist activity. In vivo studies showed notable anti-inflammatory effects in sensitised rats, presenting a dose-dependent reduction in histological correlates.



Future studies will provide further insights into these compounds, particularly their potential for CTCLs.




3.7. SP50 and Related Molecules


SP50 is a molecule developed by Matthew N. Davies et al. [49] from the initial work of Allen et al. [73]. Allen et al. initially found how substituted thiazolidinones could bind CCR4 with inhibitory capacity (compounds 90 and 91). These compounds showed a strong chemotaxis inhibition capacity of Th2 cells. Subsequent studies from Matthew N. Davies et al. [49] led to the identification of optimised and more potent antagonists [56]. Among these compounds, SP50 was initially studied for its theoretical ability to enhance the immune system by downregulating T-regs in vaccination contexts.



In these in vitro studies, SP50 is dissolved in DMSO and mixed with various vaccines, including pFLAG CMV4 vectors expressing M. tuberculosis proteins (CMV1818c and CMV3812) and adenovirus type 5 expressing the 42 kDa region of merozoite surface protein-1 (Ad-MSP-1 42) from P. yoelii [49].



The experiments involve immunising mice with these vaccine/SP50 mixtures and assessing the immune responses. The study indicates that SP50, among other CCR4 antagonists, can enhance the immune response when combined with specific antigens by modulating the migration of regulatory T-cells and Th2 cells, thus influencing the overall immune response [49].



Bozza et al. [56] showed that SP50 can reduce tissue damage, eosinophil recruitment, and serum IgE levels and modulate mucine expression. In a pulmonary fungal infection experiment, improved lung histopathology was observed when it was administered, and fibrotic change was reduced during the infection. The compound’s influence on Th2 and Th17 cytokines suggests its potential in suppressing these immune responses. An increase in IL-10 and FoxP3+ cells indicates a shift toward a more tolerogenic state.



In conclusion, SP50 in Th2-driven infections seems to induce tolerance, evidenced by increased IL-10 levels and decreased Th2/Th17-associated cytokines. Elevated IFN-γ levels indicate a broader effect on the immune response. Additionally, there is a potential for enhancing CD8+ cytotoxic T-cell responses, implying applications in vaccination [56].



The results of these studies are limited to in vitro studies and murine models, but their premises are attractive for future applications for CTCLs.




3.8. Compound 22


Compound 22 is one of the most studied small soluble molecules [32,41,56,69,108,109,110] and described by Purandare et al. [111].



In one experiment involving CCR4-deficient mice, compound 22 impacted Treg cell recruitment, DC activation, and overall immune response.



Notably, compound 22 enhances antigen-specific humoral and cellular immune responses by inhibiting Treg cell recruitment to the muscle tissue. The findings suggest that the intramuscular administration of CCR4 antagonists may serve as a practical approach to enhance vaccine efficacy. The document also discusses potential discrepancies with another CCR4 antagonist and concludes with the implications for future vaccine development [112].



There is also a study regarding its ability to reduce immune activity against melanoma cancer. Contrary to what was seen for CTCLs [57], Kazuhiko Matsuo et al. [112] discovered that targeting CCR4 in mice affected by melanoma enhanced tumour growth and decreased Th17 cells in regional lymph nodes in tumour-bearing mice treated with Dacarbazine. Their findings indicate that CCR4 is critically involved in regional lymph node DC-Th17 cell interactions that are necessary for Th17 cell-mediated induction of antitumour CD8+ effector T-cells in mice bearing B16 melanoma. Although more research on the function of CCR4 in other types of tumours is necessary, it is crucial in determining the efficacy and safety of cancer immunotherapies that CCR4 activates antitumour immunity through Th17 in a mouse model of B16 melanoma [112].



Finally, even with this molecule, some results demonstrate how inhibiting CCR4 increases the immunological potential of vaccines. In a study by Shinya Yamamoto et al. [112], compound 22 increased the production of IL-4 and IFN-γ in CD4+ T-cells and the levels of IFN-γ in CD8+ T-cells and OVA-specific IgG responses. Lastly, OVA and compound 22, administered intramuscularly, dramatically slowed the development of tumours expressing OVA. CCR4 is essential for recruiting Treg cells to the muscle tissue, and injecting CCR4 antagonists intramuscularly might be helpful to boost vaccination effectiveness [112].



However, these studies create some doubts on whether inhibiting CCR4 may not be a win–win strategy for tumours, given that the study by Kazuhiko Matsuo et al. [112] showed melanoma progression in treated mice. Studies on CTCLs are necessary to delve deeper into the pathophysiology of the case.




3.9. Compound 8c


Kazuhiro Yokoyama et al. [51] studied compound 8c for its characteristics in a CCR4 antagonist series, based on a solid 3D affinity between the docking site of the CCR4 receptors of humans and a murine model and evaluated it as a treatment for acute dermatitis. The downregulation of Th2 inflammatory cells’ activity seemed to be responsible for the antioxidant and anti-inflammatory effect of compound 8c, which was demonstrated by the oxazolone-induced contact hypersensitivity test.



The studies remained at the pre-clinical stages, and there are no data regarding its effects on CTCLs.




3.10. RS-1748 and Related Compounds


CCR4 antagonists RS-1748, RS-1154, and RS-1269 demonstrated the ability to effectively block the binding of CCL17 and GTPgammaS ligands to Chinese hamster ovary (CHO) cells that express CCR4 [52]. Additionally, at a 10 mg/kg dosage, RS-1748 prevented ovalbumin-induced airway inflammation in guinea pigs. These findings suggest that these compounds, and among them, RS-1748, might be a good starting point for creating an asthma treatment [52].



Further data are needed on their effects on cancers and lymphomas.




3.11. GSK2239633


GSK2239633, also known as compound 7r, in a study by Procopiou et al. [54], and in an in vitro essay, inhibited TARC binding to CCR4 and also inhibited TARC-induced F-actin in isolated human CD4+ CCR4+ T-cells.



In a phase 1 clinical study, GSK2239633 was well tolerated and capable of inhibiting TARC by activating the CCR4 receptor [113].



At the maximum dosage level of 1500 mg, the peak inhibition of CCR4 by GSK2239633 in the blood (at 1 h) was less than 80% and less than 50% at 4 h post-dose. In any case, this molecule showed modest and saturable systemic capacity. Due to its poor exposure, this chemical was deemed unsuitable for future research as an anti-asthma agent and maybe also for other diseases due to its low target engagement in blood and short half-life [113,114].



This trial, one of the few to have reached human phase 1 in clinical research, poses some pharmacokinetic problems regarding the development of small, soluble molecular antagonists of CCR4, apparently very effective on a molecular level but may not be so in vivo [113,114].




3.12. C01 Dihydrochloride


C01 is a small dihydrochloride molecule developed by Cheryl Lee et al.’s group and has been developed to decrease tumour proliferation and volume in CTCLs [57].



In their pre-clinical studies, cancer weight was lower in treated groups than in the control group, among those with high Ki67 levels. CCR4+ cells were not drastically decreased, but large necrotic areas in treated tissue have been observed. Their results showed how C01 had inhibitory effects on CTCL cell proliferation, which may contribute to decreased tumour volume in xenograft CTCL mice [57].



More data on bigger groups are needed to confirm these results and to devise further developmental steps.




3.13. Hydroxychloroquine


Hydroxychloroquine (HCQ) is a long-standing drug with many in-depth and varied studies than those reported above for other molecules, primarily due to the speculation of its effectiveness in containing the SARS-CoV-2 infection. It is a racemic mixture consisting of R and S enantiomers with an aminoquinoline-like structure (chloroquine—CQ), both able to downregulate several pro-inflammatory cytokines and T-cell subsets. It acts through different mechanisms and is helpful for various pathologies.



Again, thanks to the study by Beck et al. [106] and the study resumed by Jin et al. [115], Hydroxychloroquine would appear to have some effect on the CCR4 receptor, probably due to its quinoline ring nitrogen, which may be able to interact with the receptor pocket [116].



However, the available data on HCQ related to cutaneous lymphomas utilized other approaches. Fauzi et al. [117] showed how HCQ and CQ induced apoptosis in ATLL [117]: both molecules restored the expression of p47, blocking autophagy inside affected cells and sequentially inhibiting the activation of the NF-κB pathway, leading to apoptosis in ATLL cell lines.



There has also been an isolated clinical case of treatment of CTCLs with HCQ [118], while it is also known that several case reports use the same substance to treat diverse forms of follicular mucinosiss [119,120].



In any case, these results regarding HCQ and CCR4 interactions were obtained mainly from in vitro studies that need to be confirmed in vivo along with the unknown implications regarding their potential impact on the pathophysiology of CTCLs.




3.14. CAR-T


Some authors have explored the possibilities of CAR-T [121] (Chimeric Antigen Receptor T-cell therapy) that targets the CCR4 receptor [58,122].



Perera et al. [122] showed that it is possible to create functional CCR4-redirected CAR-T (CCR4-CAR-T) cells; nevertheless, the impact of the fratricide effect and its connection to the function, phenotype, target sensing, transduction, expansion, and antitumour activity of CAR-T against CTCL cells remained unclear.



Keisuke Watanabe et al. [58] further explored this possibility, developing another CCR4-CAR-T against CTCLs. This last experiment revealed promising outcomes, demonstrating that CCR4-CAR-T cells exhibited notable lytic activity against primary CTCL cells. The study scrutinised CAR-T cells’ cytokine production upon stimulation with primary CTCL cells, employing intracellular staining and flow cytometry analysis.



Comprehensively, they found that anti-CCR4 CAR-T cells specifically suppressed Th2 and Tregs while sparing CD8+ and Th1 T-cells, despite the widespread belief that fratricide in CAR-T cells is harmful to anticancer capabilities. This experiment’s characteristics included high transduction efficiency, robust T-cell proliferation, and fast fratricidal elimination of CCR4-positive T-cells during CAR transduction and expansion. Additionally, mogamulizumab-based CCR4-CAR-T cells produced higher antitumour effectiveness and long-term remission in mice engrafted with human T-cell lymphoma cells.



To summarise, CCR4-depleted anti-CCR4 CAR-T cells have robust antitumour effectiveness, and the group emphasises their potential as a therapeutic intervention for T-cell malignancies.



Both studies were conducted in vitro [58,122], but the results were favourable and specific towards CTCLs that express this receptor, opening an exciting avenue for further potential therapy





4. Discussion


The comprehensive exploration of CCR4 in the context of CTCLs presented in this paper sheds light on the intricate landscape of therapeutic avenues and their underlying mechanisms. The investigation into the only registered drug in this category, mogamulizumab, has revealed promising efficacy and potential hurdles, particularly in terms of MAR, which has emerged as a significant concern in clinical trials.



Notably, the document highlights the significance of CCR4 antigen expression as a critical factor in predicting patient response to treatments. The loss of CCR4 expression has been identified as a potential indicator of non-responsiveness, emphasising the importance of patient stratification based on molecular characteristics. Furthermore, exploring combination treatments, such as mogamulizumab with bexarotene or TSEBT, presents intriguing possibilities for enhanced therapeutic outcomes, as seen in documented cases that achieved complete remission.



The emergence of novel compounds as soluble CCR4 antagonists such as 18a, K777, CCR4-351, and AZD-1678/AZD-2098 and their exploration for other diseases has introduced a myriad of possibilities for future therapeutic interventions. Each compound exhibits unique characteristics, such as high affinity for CCR4, receptor internalisation capabilities, and potential synergies with anti-CPI drugs, laying the foundation for a more nuanced approach to CTCL treatment. However, it is crucial to acknowledge the limited nature of pre-clinical studies conducted for most of these compounds, emphasising the need for further research and clinical validation.



Once the potential of targeting the CCR4 receptor for these pathologies has been explored, already known drugs, notably, HCQ, would appear to be able to modulate it. Its interaction with the CCR4 receptor, though primarily gleaned from in vitro studies, adds a layer of complexity in understanding its potential impact on the pathophysiology of CTCLs.



Moreover, CAR-T therapy emerges as a highly specific and selective armamentarium against T lymphomas expressing CCR4, with promising results that need to be confirmed using in vivo studies.



In conclusion, the current research has added numerous new molecules selective for CCR4 in the pipeline after mogamulizumab paved the way for an entirely new therapeutic class, and mogamulizumab is still, at the moment, the only drug with solid data available on its efficacy. As the field continues to evolve, researchers encourage a multidimensional approach, incorporating molecular markers, combination therapies, and innovative compounds to enhance the precision and efficacy of CTCL treatments. It calls for further collaborative efforts, prospective multicentric studies, and a deeper understanding of the underlying mechanisms to propel the field forward and ultimately improve outcomes for individuals affected by CTCLs.
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Figure 1. Schematic representation of the molecular pathways activated by CXCR4. 
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Table 2. Research string in Medline database ‘mogamulizumab’ for ‘Clinical trials’ article type from 2020 to 2024. ORR: overall response rate; OS: overall survival; DOR: duration of response; and TSEBT: total skin electron beam therapy.
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