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Haematopoietic stem cell transplantation (HSCT) is the treatment of choice for malignant haematological diseases. Despite continuous improvements in pre- and post-transplantation procedures, the applicability of allo-HSCT is limited by life-threatening complications such as graft-versus-host disease (GvHD), engraftment failure, and opportunistic infections. Extracorporeal photopheresis (ECP) is used to treat steroid resistant GvHD with significant success. However, the molecular mechanisms driving its immunomodulatory action, whilst preserving immune function, require further understanding. As ECP is safe to administer with few significant adverse effects, it has the potential for earlier use in the post-HSCT treatment of GvHD. Thus, further understanding the immunomodulatory mechanisms of ECP action may justify more timely use in clinical practice, as well as identify biomarkers for using ECP as first line or pre-emptive GvHD therapy. This review aims to discuss technical aspects and response to ECP, review ECP as an immunomodulatory treatment modality for chronic GvHD including the effect on regulatory T cells and circulating vs. tissue-resident immune cells and consider the importance of emerging biomarkers for ECP response.
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Introduction

Allogeneic haematopoietic stem cell transplantation (HSCT) is a potentially curative treatment for a variety of haematologic and non-haematologic disorders. Despite improvement in HLA typing, optimization in conditioning regimens and current immunosuppressive protocols, acute and chronic graft-versus-host-disease (GvHD) remain the most important non-relapse post-HSCT complications (1, 2). Chronic graft-versus-host disease (cGvHD) occurs in approximately 30-70% of patients and remains the leading cause of non-relapse mortality (NRM) in patients surviving longer than two years after HSCT, affecting both quality of life and long-term treatment outcome (2, 3). The clinical management of patients with extensive cGvHD is challenging, due to the wide variability of disease manifestations, clinical course, infectious complications, and treatment related toxicity (4). Currently, the first-line therapy for chronic GvHD (cGvHD) relies on  the administration of corticosteroids with a calcineurin inhibitor. However, its lack of efficacy in some patients, the broad immunosuppression induced in the patient, and significant adverse effects stresses the need for new alternative therapies. Extracorporeal Photopheresis (ECP) is a valuable second-line treatment for a subset of patients with steroid-refractory cGvHD, particularly those with severe cutaneous involvement (5–8).

Immunomodulatory ECP therapy is used in several inflammatory or autoimmune conditions in addition to, or instead of conventional immunosuppression. The advantage of immunomodulatory therapy is manipulation of the immune system leading to resolution of the underlying diseases process, but with preservation during treatment of beneficial aspects of immunity, such as anti-viral or anti-tumour activity. However, the molecular mechanisms driving ECP therapy’s unique immunomodulatory action, whilst still preserving immune function, are not completely understood. The mode of ECP action at a cellular or molecular level is likely to be the same, as the ECP process does not differentiate which disease is being treated – however, the outcome may be different, depending on the disease, and disease-status of the patient.



Techniques and considerations for performing ECP


Overview of the ECP procedure

The ECP procedure involves three steps and takes between two to four hours (Figure 1). Firstly, white blood cells (WBC) are automatically separated and collected from peripheral blood during a leukapheresis procedure. Secondly, collected cells are photoactivated with 8-methoxypsoralen (8-MOP), making them sensitive to ultraviolet A (UVA) light irradiation. 8-MOP is a naturally occurring inert substance that after irradiation with UVA, binds covalently to DNA, cell membranes, and proteins. This leads to apoptosis of treated cells and other cytotoxic effects (9). The suspension of cells and 8-MOP is exposed to UVA light (320-400 m wavelength). Thirdly, treated cells are reinfused into the patient. ECP treatment is traditionally administered in cycles, which are repeated with varying intervals according to the severity of disease symptoms (10). Each cycle consists of two sessions of ECP on two consecutive days, with clinical assessment for response every week in acute GvHD (aGvHD) and every 8–12 weeks in cGvHD. Cycles are tapered and tailored as per indication, institution, and clinical response.




Figure 1 | Overview of the ECP procedure.





Techniques for performing ECP

Currently there are two conventional techniques for ECP treatment, open “off-line” and closed “in-line” techniques, classified based on the type of device used. The “in-line” technique uses a single-unit system in which the whole treatment is performed sequentially in extracorporeal circulation as a closed, one-step procedure. In the “off-line” technique, the target cells are collected by a standard apheresis device and after addition of photosensitiser 8-MOP, irradiated using an external UVA light irradiator device. Most centres perform ECP treatment using the approved closed system, driven by reduced risk of infection and infusion errors (11).

The “in-line” ECP procedure can be performed on the Therakos CELLEX Photoapheresis System (Mallinckrodt Pharmaceuticals, NJ, USA). The device uses a centrifugal force to separate and collect the mononuclear fraction (buffy coat) containing lymphocytes and monocytes, while the red cells and plasma are returned to the patient. The buffy coat remains in the system where it is treated with 8-MOP and subsequently exposed to the UVA light. The time of photoactivation is automatically calculated by the instrument based on the volume, the hematocrit of lymphomonocytic fraction, and the residual power of the UVA lamps (12). Finally, treated cells are reinfused back to the patients.

The first device approved for ECP treatment by the United States Food and Drug Administration (FDA) in 1988 was a closed system UVAR XTS (Mallinckrodt Pharmaceuticals, NJ, USA) (13). National approvals followed (14). The Therakos Cellex (Cellex), a second commercially available closed system device from the same manufacturer, was approved in Europe in 2008, Canada in 2009, and the United States in 2009. Advantages of the Cellex include smaller extracorporeal volume and shorter procedure time (15, 16). The Cellex system offers the ability to perform both single and dual needle procedures, further decreasing the run time and extracorporeal volumes (17). New technical developments and advances have substantially shortened the cycle duration and qualified ECP for use in patients with smaller body weight (14). Published reports have demonstrated the safety of the Cellex in the paediatric patient population with use of a blood prime (15, 16). There are no recommended quality control procedures to assess the collected product for Cellex device. Recently, a new closed protocol has been developed on the Amicus™ Separator (Fresenius Kabi, Germany) that enables the device to perform “in-line” ECP procedures when used in conjunction with the Phelix photoactivation device and associated disposable kit (18).

The “off-line” method was developed in 1994, following modification of the ECP procedure by Andreu et al. (19). The leukapheresis is performed using a standard continuous flow cell separator. Under sterile conditions, the collected cells are transferred to an appropriate receptacle, in which the 8-MOP is added and after UVA irradiation, cells are reinfused into the patient, using a standard transfusion set (19). This method was found to be safe, reproducible, and effective and is becoming more common in Europe than in USA, where only the “in-line” method is available (11).

At present, various devices are used in an “off-line” method. Cell separation and collection from peripheral blood is performed using standard apheresis devices such as Spectra Optia® (Terumo BCT, USA), Com. Tec® (Fresenius Kabi, Germany), MCS® plus (Haemonetics, USA) and Amicus (Fresenius Kabi, Germany), all of which are FDA approved only for cell collection. Various photoactivation systems are used for UVA irradiation of cells, but none have been approved by FDA: PUVA combi light system (Cell-Max GmbH, Germany), MACOGENIC and MACOGENIC 2 (Macopharma, France), and UVA PIT system (MedTech Solutions, Germany).

Although the individual components may be Communauté Européenne (CE) marked, some devices used are not explicitly approved for use together in the process of photopheresis. Since the sterile barrier could be compromised when adding 8-MOP, it must be added in a background environment at least equivalent to GMP grade D, as required by directive 2006/86/EC. The open “off-line” technique can only be used by centres that are certified for cell therapy. The entire ECP procedure, including the drug and material to be used, transport, quality controls, traceability and the cell manipulation should be validated.



Considerations before commencing ECP therapy

ECP requires long-term patient commitment, and many practical and clinical factors should be considered before starting. Practical factors include proximity of the patient to the treatment centre for feasibility of frequent treatments, as well as the suitability of peripheral venous access or risks of inserting a central venous catheter (10). Clinical variables to be assessed before each ECP procedure include complete blood count, and electrolytes calcium, magnesium and potassium in case ACD-A is used as an anticoagulant (10). Other pre-treatment blood tests may be considered on an individual basis for general assessment of the patient and/or the status of their GvHD (20). Regarding WBC, most centres consider that at least 1 × 109/L cells in the peripheral blood are required before initiating the ECP session (11). Though there are still no data defining an adequate treatment dose of buffy coat and how that relates to peripheral WBC count, this WBC threshold is reasonable based on extrapolation of patient data from ECP-specific literature regarding collection efficiency kinetics and clinical outcomes (11, 21, 22).

As mentioned before, collection of cells using apheresis technique requires good venous access. The vascular access for ECP should be safe and efficient to allow a successful procedure over a long period of time and minimise the risk of infection and other complications including minimal interference with the patients’ daily life (11). Peripheral venous access should always be the first choice, but in patients with low body weight, children, and those with problematic venous access, permanent venous access devices with a proper blood flow are recommended. An apheresis-compatible central venous device with a double lumen may be required since an already existing central venous line often does not provide adequate blood flow. Permanent vascular access devices such as tunnelled cuffed central venous catheter and implantable ports allow long term ECP treatment (10).



Contraindications to ECP

Absolute contraindications to ECP treatment include any known sensitivity to psoralen compounds, aphakia due to significantly increased risk of retinal damage, pregnancy, and uncontrolled infection (11, 13). Other conditions that could constitute at least relative contraindications are unstable circulatory or respiratory condition, cytopenia and low body weight (10). Haemodynamic instability due to sepsis or heart failure, or positive blood cultures would result in the cancellation of ECP (11, 23). In patients with a history of heparin induced thrombocytopenia, citrate should be used as anticoagulant. Precautions should be taken in patients with low haematocrit, low platelet count, active bleeding or risk of bleeding, and adequate transfusion support should be considered.



Quality assessment of ECP product

Although quality assessment of ECP product is not required, the ASFA ECP subcommittee survey revealed that 34% of responding centres routinely perform quality control testing on the cellular product prior to re-infusion, using a variety of laboratory parameters (11) (Table 1). Quality assessment should be performed during “off-line” ECP for the first two sessions, and upon change of UVA illuminator or cell separator. Irradiation may be assessed by evaluating a change in the number of apoptotic 7-aminoactinomycin positive CD3+ cells within 72–96 h post-ECP (24). Currently, inhibition of T-cell proliferation after ECP is analysed using time-consuming assays including radioactive thymidine assays or carboxyfluorescein succinimidyl ester (CFSE) staining (25). Surface CD71 analysis represents a simple quality control alternative to detect ECP-mediated T-cell proliferation inhibition (26).


Table 1 | Laboratory parameters routinely assessed on collected ECP product for quality assessment purposes [adapted from (11)].





Side-effects of ECP

When compared to other immunosuppressive therapies currently available for the treatment of cGvHD, ECP is not associated with organ toxicities, the occurrence of opportunistic infections, treatment emergent adverse events or underlying disease relapse (14). The safety profile of ECP is excellent. Regardless of the device used, ECP is usually well‐tolerated with only uncommon mild side‐effects and no long-term complications. Analysis of data on 13,871 ECP procedures reported to World Apheresis Association (WAA) during a 17-years period showed that adverse events (AEs) were registered in 5.4% of first treatments and in 1.2% of subsequent procedures. Severe AEs were present in 0.04% of all procedures and no patient died due to the ECP procedure (27). Adverse reactions can be related to leukapheresis, such as transient hypotension caused by blood volume shift in the extracorporeal circuit, citrate toxicity due to anticoagulant used, mild anaemia and thrombocytopenia after multiple treatments, or bleeding from the cannula sites used for venous access. Reactions related to exposure to psoralen can include increased urinary output, metallic taste, increased skin redness or itchiness 6–8 hours after treatment and possibly some light sensitivity. On reinfusion of the ECP products, some patients complain of mild fever 2–12 hours after treatment, tiredness, and haematuria due to reinfusion of red blood cell postexposure to 8-MOP (9).



Challenges, advantages, and disadvantages of ECP techniques

The two ECP techniques have not been directly compared in a clinical setting to date, but each pose their own characteristics (Table 2), challenges, advantages and disadvantages.


Table 2 | Characteristics of “in-line” and “off-line” techniques.



In “off-line” methods, apheresis devices offer higher collection efficiency of lymphocytes resulting in higher purity and numbers of harvested cells, which can be collected in less time and with low concentration of anticoagulant exposure. However, a higher cell collection has not previously been associated with increased therapeutic response. In a closed system with full integration and automation, there is no risk of improper reinfusion. The risk of infection or contamination associated with the medical device is therefore very low (14). In contrast, the “off-line” ECP procedure carries the risk of misidentification of cellular products during collection and processing, and procedures to prevent this situation must be in place.

Another advantage of the closed “in-line” method is that it lasts up to 120 minutes compared to the “off-line” method which takes twice as long, so it interferes less with other therapy that needs to be administered and reduces the workload of cell processing laboratory.

Although the treatment schedules and assessment of GvHD for children do not differ from the recommendations for adults, paediatric populations bring many unique issues to the ECP treatment. The performance of conventional ECP can be particularly challenging in young children, because of factors such as low body weight with limited extracorporeal volume, adequate vascular access, maintenance of intravascular fluid balance, patient’s tolerance of the lengthy procedure, and psychological implications (28). Blood prime of the apheresis device significantly reduces this risk of hypotension and haemodilution and is recommended in patients with low body weight.

Experimental modifications of the conventional ECP procedure have been developed, involving ECP-treated allogeneic cells, ECP treated enriched or depleted cell populations, cryopreservation of ECP-treated cells and mini-ECP (29). Mini-ECP is an alternative “off-line” technique that has been developed for the treatment of small children and patients with apheresis contraindications. In mini-ECP, usually 10 mL of blood per kilogram of the patient’s body weight is drawn from a central venous catheter and collected into a blood bag with anticoagulant, while the collected volume is simultaneously replaced with saline infusion. Buffy coat is extracted from whole blood using various devices such as: density gradient centrifugation with Lymphoprep (Nycomed, Norway), blood component extractor Compomat G4 (Fresenius Kabi, Germany), Spectra Optia apheresis system using Bone marrow processing program (Terumo BCT, USA) and automated laboratory separator Sepax (Biosafe, Switzerland) (30–33). Buffy coat is diluted with saline solution, 8-MOP is added, and the cells are irradiated by UVA illumination device. Irradiated cells are reinfused to the patient, but plasma obtained after the buffy coat separation is usually discarded and not infused back, because of its expected high cytokine content, as they are associated with the development of acute GvHD (34). Mini-ECP is usually performed according to the same treatment schedule used for conventional ECP. The results of all previously mentioned studies showed that the positive effect of mini-ECP was achieved despite the lower dose of treated cells than in conventional apheresis ECP (30–33).

An additional challenge facing ECP treatment is the availability of facilities equipped for ECP and the substantial cost associated with this long-term therapy (35, 36).




Immunological mechanisms of ECP action


Organ response to ECP and impact on systemic immunosuppression

Due to the complexity of organ involvement in cGvHD, it is challenging to assess the individual organ response, which is especially demanding in cutaneous cGvHD, where various sclerotic and non-sclerotic co-located lesions can occur in one patient. Based on a small number of prospective studies, the response to ECP should ideally be assessed after 6 months (6, 37). In a phase II randomised study by Flowers et al. with a weekly ECP regimen vs. standard therapy, the response to treatment was measured with total skin score (TSS) in 10 body regions at 12 weeks. At least a 25% decrease from baseline was observed in 8.3% of the ECP arm and 0% in the non-ECP arm, and the rate of complete responses (CR) and partial responses (PR) was significantly higher in favour of ECP (6). The response to prolonged therapy in 24 patients from this study group was reported by Greinix et al, with progressive improvement in TSS, 31% CR/PR in cutaneous cGvHD, and 70% CR/PR in mucosal symptoms at 24 weeks (37). In another prospective study by Foss et al, 20 (80%) out of 25 patients enrolled in the study achieved a regression of skin pathology, and in 6 (24%) patients healing of oral ulcers was noted. In 2019, Jagasia et al. published the results of a randomised, prospective study to investigate ECP added to standard of care (SoC) first-line therapy in cGvHD, based on the 2015 NIH consensus criteria for diagnosis and response assessment. Overall response rate (ORR) was 74.1% vs. 60.9% in the SoC+ECP arm vs. the SoC arm, with no decline in quality of life (QoL) in the arm treated with ECP (38).

Several retrospective studies have been published in which the authors attempted to grade the organ-specific response to ECP. In 2017, the UK Photopheresis Society published the consensus statement based on an updated review of the literature. The authors identified 27 studies with 725 adult cGvHD patients, with the mean response rate of 74% for skin involvement (23 studies), 62% for hepatic cGvHD (15 studies), 62% for mucosal cGvHD (12 studies), 60% for ocular cGvHD (4 studies), 46% for gastrointestinal (GI) cGvHD (5 studies) and 46% for lung involvement (9 studies) (39). Nevertheless, the role of ECP in pulmonary cGvHD is controversial. In a study by Del Fante et al, no response was observed in lung involvement (40). In a systematic review of prospective trials, the pooled ORR for pulmonary cGvHD was only 15% (0-50%) based on 3 studies (12 patients). In the remaining sites, the pooled ORRs were similar to those reported by Alfred et al: 71% for the skin (4 studies; 70 patients), 58% for hepatic involvement (3 studies; 45 patients), 63% for oral mucosa (3 studies; 32 patients), 62% for GI (2 studies; 9 patients) and 45% for musculoskeletal involvement (2 studies; 9 patients) (5). However, in a systematic review by Malik et al, the pooled ORR for pulmonary cGvHD was 48%, with comparable rates reported for the involvement of other sites (41).



Use of ECP for steroid refractory cGvHD

Corticosteroids (CS) remain the best first-line treatment for cGvHD, and no concomitant immunosuppressive therapy (IST) was found to be better than steroids alone (42). However, in the case of CS therapy failure that occurs in about 50% of patients, steroid intolerance or steroid dependence, other agents may be used such as mycophenolate mofetil (MMF), ECP, mTOR inhibitors and others (42). The main advantage of ECP is the steroid-sparing effect, which has been reported by several investigators (6, 37, 43, 44) (Table 3).


Table 3 | ECP in treatment of steroid-refractory chronic GHD. Adapted from (45).



Focusing on the CS sparing effect of ECP, few prospective studies have been published. In the randomised phase 2 study by Flowers et al, ECP and conventional IST was compared with conventional IST alone in 95 patients with cutaneous manifestations of cGvHD that could not be adequately controlled by corticosteroid treatment (6). ORR at week 12 in skin was 40% in the ECP arm compared to 10% in the control arm (p = 0.002). Moreover, the percentage of patients experiencing both a 50% or greater reduction in daily corticosteroid dose and a 25% or greater improvement in the total skin score (TSS) at week 12 was higher in the ECP group than the control group (8.3%; 4 patients vs 0%; 0 patients; p=0.04). Best ORR was observed in oral mucosal involvement with 53% in the ECP arm and 27% in the control arm, respectively. At week 12, the median targeted symptom assessment scores improved in the ECP arm by 19% compared with 2.5% in the control arm (p=0.01) (Table 3). Since ECP does not induce general immunosuppression, risk of infections compared with other IST is not increased (55). In the latter study, infections were observed in 18% of patients in the ECP arm and 16% in the control arm (6).

In a follow-up open-label crossover ECP study by Greinix et al, 29 patients with lack of improvement or progression of SR cGvHD after 12 weeks of conventional IST were studied, with patients serving as their own controls (37). Significantly more patients in the ECP study compared with the initial non-ECP period achieved an ORR (CR or PR) of the skin (26% vs 8%, p=0.04), oral mucosa (65% vs 27%, p=0.009) and ocular involvement (27% vs 7%, p=0.04) at week 12 after crossing over to ECP treatment (37) (Table 3). Another prospective study by Foss et al. reported steroid-sparing or discontinuation of IST possible in 80% of patients (46). Similar results were reported by Dignan et al, in which among 19 patients who completed 6 months of ECP, in 17 (89.5%) CS dose was reduced, including 5 patients who discontinued CS (26%) and 8 (42%) patients with ≥50% reduction in the CS dose (47) (Table 3).

Several retrospective reports were also published. The study by Del Fante et al. includes 102 patients, with 76 patients treated with CS at baseline. In 9 out of 16 patients with CR, IST was discontinued, and in the CS-treated patients the median prednisone change from baseline was -77.6% (mg/kg) (40). In 43 patients treated by Jagasia et al, ECP led to a significant decrease in CS doses (mean dose pre-ECP, 0.52 mg/kg versus 0.37 mg/kg post-ECP, p=.009) (48). The study by Dignan et al. summarizes the results of ECP in mucocutaneous cGvHD, where 41 out of 53 (77%) patients who completed 6 months of ECP had IST reduction. Among 50 patients evaluable for assessment at 6 months, 40 (80%) had a CS dose reduction (including 11 who stopped, 19 ≥50% reduction) (49). Couriel et al. reported discontinuation of CS at 6 months in 12 out of 59 (27%) patients treated with CS at the time of ECP (50). In the longitudinal assessment of Nygaard et al, the median prednisolone dose was 10 mg/day (range 0–50) at the end of ECP treatment in 47 patients, including 6 patients off prednisolone (51). In the study by Apisarnthanarax et al, 28 patients treated with systemic CS at ECP initiation yielded a 64% steroid-sparing response rate with a median of 5.3 months of therapy (52). Among 13 patients with cGvHD described by Ussowicz et al, ECP enabled CS discontinuation in 6 and substantial dose reduction in 5 (84.6%) patients (53) (Table 3).

In September 2021 the Janus kinase (JAK) 1/2 inhibitor ruxolitinib was approved by the FDA for steroid refractory (SR) cGvHD, based on the results of the REACH-3 study (56). In the REACH-3 study, a randomised, open-label, multicentre clinical trial was performed comparing ruxolitinib to the best available therapy (BAT) for SR cGvHD. A total of 329 patients received either ruxolitinib at 10 mg twice daily or BAT including but not limited to ECP, MMF, MTX, rituximab, everolimus, sirolimus, and ibrutinib (56). ORR at week 24 according to National Institutes of Health (NIH) criteria (57) was 50% for the ruxolitinib arm and 26% for the BAT arm (p < 0.0001) including 7% and 3% CR rates. Ruxolitinib led to longer median failure-free survival (FFS) (>19 months vs 6 months, p < 0.001) and higher symptom response at week 24 according to the Lee symptom scale (24% vs 11%, p = 0.001). The probability of maintaining a response at 12 months was 68.5% in the ruxolitinib arm compared with 40% in the BAT arm. In the BAT arm, the majority of patients received ECP (35%, n=55) in addition to immunosuppressive therapy and achieved an ORR of 29.1% (PR=27.3%, CR 1.8%). Of note, ORR to ruxolitinib in liver and lung were 24% and 9%, compared to 22% and 6% in the BAT arm. Thus, treatment response also with ruxolitinib is still unsatisfactory. The NRM and relapse rate was similar in both treatment arms.

A retrospective analysis including 23 patients with SR cGvHD (57% NIH grade 3, 91% beyond second-line treatment and 87% with more than one organ involved), assessed the combination of ruxolitinib at 5 -10 mg bid and ECP every two to four weeks (58). Thirty-five percent of patients started ECP and ruxolitinib treatment simultaneously, whereas 30% started ECP at a median of 3.25 (range, 1-7) months before ruxolitinib. During ECP alone the best response was PR in 43% (3/7) of patients and 57% (4/7) were non-responders. Thirty-five percent of patients started ruxolitinib treatment first a median of 15 (range, 1-29) months prior to combination treatment. Best ORR to ruxolitinib alone was PR in 62.5% (5/8) and 37.5% (3/8) did not respond. Best ORR of ECP combined with ruxolitinib was 74% (17/23) including 9% CR and 65% PR and a two-year OS of 75% (58). Thus, combinational treatment substantially increased ORR in heavily pre-treated patients with multiorgan involvement SR cGvHD and was able to improve outcome of patients after inadequate responses to ECP or ruxolitinib monotherapy (58) (Table 3).

Due to changes in staging and response assessment of cGvHD according to NIH criteria (44, 57) and different primary endpoints (ORR at week 24 in REACH-3 vs median percent change in total skin score at week 12 in the phase 2 ECP study) the above mentioned randomised trials on the use of ruxolitinib or ECP in SR cGvHD cannot be reliably compared. Furthermore, REACH-3 enrolled only patients in need of second-line therapy of SR cGvHD and not more advanced ones and ruxolitinib was the only systemic intervention allowed at enrolment. In contrast, in the ECP study patients could also receive MMF and had a longer duration of cGvHD prior to study enrolment.

Overall, the steroid-sparing effect of ECP and excellent safety profile, including preserving antimicrobial immunity and not affecting the relapse risk, gives ECP the established level of recommendations (C-1; II) as the second-line treatment, according to the Consensus Conference on Clinical Practice in cGvHD (53, 59, 60).



The interface between ECP and regulatory T cells in the context of cGvHD

Regulatory T cells (Treg) are a natural subset of CD4+ T cells essential for the establishment of peripheral tolerance and immune homeostasis. Tregs are mainly identified by the constitutive expression of CD25 (interleukin-2 receptor α-chain) and the transcription factor Foxp3, which is a key regulator for Treg development and function (61–63). Although Foxp3 is a specific marker for mouse Treg cells, it is well known that it can be induced in non-suppressor T cells upon activation in humans (64–66). Thus, other markers have been proposed to help discern conventional T cells from Treg, such as the low or absent expression of CD127 (interleukin-7 receptor) concomitant with higher levels of CD25 in Treg (67, 68). Regulatory T cells suppress different immune cell types through several mechanisms (Figure 2), which include modulation of antigen-presenting cells’ (APC) co-stimulatory markers via CTLA-4, competition for IL-2 and APC ligands, cytolysis, metabolic disruption by adenosine generation and transfer of cAMP, and secretion of anti-inflammatory cytokines (IL-10, TGF-β, IL-35) (69). The ability of Tregs to enforce peripheral tolerance, and suppress Th1 cell responses, has been shown to be partly via non-autonomous gene silencing (70, 71). This may be mediated by microRNA-containing extracellular vesicles; small, bilipid membrane-bound nano-vesicles that are released into the circulation and can act as intercellular communication molecules. Indeed, Treg cells are profuse producers of EVs that contain high levels of miRNA, the profile of which is distinct from Th1 and Th2 cells (70, 71). Treg-derived EVs can transfer specific sets of miRNA to conventional T-cells, both in vitro and in vivo. Compromised transfer of Treg cell EV miRNAs to conventional T-cells (either via failed miRNA formation (Treg cell Dicer deficiency), or inhibited EV release (Treg cell Rab27a- and Rab27b-deficient Treg cells)) has been shown to abrogate the capacity of Treg cells to prevent disease in a colitis model, by specifically regulating Th1 cell responses (70, 71). Furthermore, the profile of Treg EVs has been shown to be distinct from their parental cells, with enrichment of chemokines and interleukins (71). The specific role of Treg cell EV mRNA and proteins in modulating target cells in a context-dependant manner remains unknown, but seems likely to play a crucial role in their immunomodulatory effects (70).




Figure 2 | Hypothesised mechanism of ECP and tolerogenic immune cells immunosuppressive effects. The effect of ECP is first seen in the blood compartment where a portion of PBMCs go into apoptosis. Apoptotic bodies released by the PBMCs circulate and interact with Tregs as well as tissue-resident cells such as DCs, leading to tolerisation. Immunosuppression is achieved through cytokine excretion and cell-to-cell contact with mediators of GvHD such as CD4+ T helper cells, CD8+ T cells, and Tissue Resident Memory T cells.



Regulatory T cells have a fundamental role in autoimmunity, chronic inflammatory diseases, and transplantation. In the setting of haematopoietic stem cell transplantation, several studies demonstrated that the occurrence and severity of graft versus host disease (GvHD) can be associated with reduced levels of Foxp3+CD4+CD25+ Tregs (72–75). Furthermore, high donor Foxp3+ Treg content in the graft is associated with a lower risk of developing GvHD, further supporting the theory of impaired Treg homeostasis in patients with this complication post-transplant (76–78). Since the homeostasis of Treg is impaired in patients developing cGvHD, the level of Treg function has been intensely evaluated in this setting. In the context of ECP, several studies have shown that ECP treatment increases the frequency and activity of Treg cells in cGvHD patients (79–83), suggesting a critical role of Treg in the photopheresis curative process.

The first experimental evidence of apoptotic cells derived from ECP mediating antigen-specific Treg induction was observed in a murine model of photopheresis, through contact hypersensitivity (84). Injection of 8-MOP/UVA-irradiated leukocytes from sensitised mice inhibits immune response in recipient mice, in a process dependent on CD11c+ cells. This suppression could be adoptively transferred to a second generation of animals by Treg cells. Importantly, IL-10 derived from the 8-MOP/UVA-exposed cells was required for the ECP-mediated Treg effect (85). Moreover, studies from the same group have shown that DNA damage induced by UV radiation can promote immunotolerance by activation of antigen-specific Treg (86). It has been postulated that the ECP procedure impairs antigen presentation of the dying APCs, favouring Treg rather than effector T-cell activation (Figure 2). In fact, it has been demonstrated that human dendritic cells (DC) from ECP product are in an immature state and produce significant amounts of IL-10 (87, 88).

In vivo mouse models of GvHD aided the initial demonstration of the association between ECP, Treg and the resolution of the disease. First, it was reported that apoptotic cell infusion promotes TGF-β-dependent Treg expansion, which contributed to protecting mice from GvHD (89). Then, Gatza et al. extended those findings by incorporating ECP-treated cells in experimental GvHD, which  reverted the established disease through an increase in CD4+CD25+Foxp3+ Treg frequency and de novo Treg generation, while  indirectly reducing allogeneic responses of donor effector T cells (90). Overall, these early data in mouse models prompted other researchers to investigate whether Treg has a relevant role also in ECP-treated patients. The evaluation of Treg frequency in the initial phases of ECP could be useful to predict the final response and to evaluate the necessity of schedule intensification. Indeed, initial studies found a positive correlation between Treg numbers and activity with patients treated with ECP for organ transplants and type 1 diabetes (88, 91–93).

Regarding the ECP treatment for GvHD, Biagi et al. studied ten GvHD patients and found a significant increase of circulating  Treg frequency compared to non-ECP-treated individuals, that peaked in cycles three and six out of ten ECP treatments (80). Besides the high expression of GITR, CD62L, CD45RO and Foxp3, these induced Treg were capable of suppressing IFN-γ production by CD4+CD25- in a cell contact-dependent manner. In a follow-up study of the same group, enrolling more patients with a longer follow-up, their results suggested a correlation between CD4+CD25+Foxp3+Treg increase at the sixth cycle and clinical response only in cGvHD patients, which were compared to ECP non-responding controls and acute GvHD patients this time (81). Higher  levels of Tregs in cGvHD patients with a complete or partial response to ECP therapy were also associated with decreased frequency of proinflammatory Th17 cells.

Considering the nature of the ECP procedure, in which less than 10% of leukocytes are exposed to the photosensitizing agent 8-MOP plus UVA, it is unlikely that these few apoptotic cells would be fully responsible for the clinical efficacy (90). Thus, a proposed mechanism of action involves further modulation of lymphocytes not exposed to ECP by the apoptotic cells after their reinfusion, thus inducing an immunotolerant environment rather than broad immunosuppression (94). It is also noteworthy that some studies indicate the clearance of apoptotic cells generates APCs with a tolerogenic phenotype (88, 95–97), leading to decreased stimulation of effector T cells and augmented production of anti-inflammatory cytokines, such as IL-10 (98–100). All these effects promote an immunotolerant milieu that favours Treg expansion and, subsequently, GvHD control. It is also relevant that Treg appear to be more resistant to in vitro 8-MOP plus UVA-induced apoptosis than other cell types (101). A direct influence on Treg activity involves the elevated extracellular ATP levels as a result of ECP-mediated cell death, which can, in turn, activate the CD39 and CD73 ectonucleotidases expressed by Treg (Figure 2). Indeed, an increase in CD39+ Treg cells frequency (102) and their adenosine production and ATP degradation were detected after ECP treatment in GvHD patients (103).

Nevertheless, the positive correlation between ECP treatment, Treg frequency and clinical improvement has not been consistently observed throughout the studies due to several reasons. There are major differences between studies regarding sample size, Treg markers, data analysis, and timepoints for peripheral blood collection. Besides that, the inter-patient variability is significant and may occur within the same cohort, namely the underlying disease before the transplant, the type of conditioning regimen and GvHD prophylaxis, the emergence of infections, the extent of tissue injury, the intrinsic heterogeneity of GvHD and disparities in the ECP protocol. All these parameters can play a role in the results obtained. For instance, a small study with eight steroid-refractory cGvHD patients searched four different phenotypes of Treg and found that all of them were increased in absolute numbers, but not in frequencies, three months after ECP compared to pre-treatment levels and healthy individuals (104). Although the three patients with the largest Treg increase had a reduction in daily steroid doses, no statistical correlation with clinical response was found, probably because of the small sample size. Similarly, several studies could not find a statistically significant correlation between a positive clinical outcome and augmented Treg cell frequency, suggesting that regulatory T cells may not be the dominant mechanism in ECP after all (43, 79, 105, 106).

Taken together, the somewhat controversial findings of Treg induction by ECP treatment strongly implies that future studies should focus on other aspects of regulatory T cell roles. Firstly, measuring only the percentages of circulating Treg may not be entirely sufficient to validate their importance to the ECP process, due to cell migration to other sites, especially to inflammatory tissues. Thus, whenever possible, the impact of Treg in target organs should also be addressed since it can be more qualitative than quantitative. Secondly, and since Treg do not have unique markers for identification, it is likely that different cell populations with divergent functional profiles were included in the Treg fraction of most studies. It is currently well established that the co-expression of CD4 and CD25 alone are not sufficient to identify classical regulatory T cells without knowing their methylation and functional profiles, since a large fraction of CD4+ cells expressing intermediate levels of CD25 are not suppressive. Thus, and even though it is difficult to isolate enough Treg from patients with cGvHD, it is critical to thoroughly evaluate the functional profile of circulating ECP-induced Treg. This can be achieved by sorting these cells and testing in vitro their capacity to suppress effector T-cell proliferation and cytokine production, as well as by disclosing their transcriptomic profile at the single-cell level.



Immunomodulatory effects of ECP on circulating vstissue-resident immune cells in GvHD

The development of GvHD with the contribution of different immune cell subsets (e.g., circulating versus resident, donor origin versus host-derived) to tissue inflammation and the reversal of these processes by ECP remain unclear. In the course of HSCT, various myeloid and lymphoid immune cells undergo several dynamic stages before achieving steady state months after HSCT. Most circulating immune cells are depleted by myeloablative conditioning regimens, while tissue-resident cells are often not reached by these therapeutic strategies and contribute to post-transplant clinical courses and complications including GvHD (107, 108).

Tissue-resident memory T cells (TRM) are major contributors to adaptive immunity and can protect against pathogens at their entry site. However, these cells can also contribute to the initiation and propagation of (auto-) inflammatory diseases, such as GvHD (108, 109). The movement of T cells in and out of tissues involves the balance between tissue-retention proteins and tissue egress molecules on T cells. Tissue residency of T cells has been identified by different approaches in experimental animal models, including (i) parabiosis, in which mice are surgically conjoined and the origin of cells can be identified by genetic markers in the two partner mice (110, 111), (ii) mixed bone-marrow chimeras, in which mice are lethally irradiated and reconstituted with bone-marrow cells from congenitally marked animals (112, 113), and (iii) in vivo fluorescent antibody labelling to distinguish circulating from tissue-resident immune cells, the latter of which are protected from antibodies that are injected intravenously (114, 115). These studies revealed that TRM are generated upon infection with pathogens and that murine CD8+ and CD4+ T cells reside within barrier organs, which are commonly affected by GvHD. Currently accepted phenotypic markers for the identification of TRM from circulating T cells include CD69 and CD103 (116–118).

It was recently shown that the clinical course of GvHD is influenced by an interplay of tissue-resident T cells of host origin and donor-derived immune cells migrated from the circulation. We and others showed that a large percentage of immune cells in GvHD tissue are actually host-derived TRM, adding to the complexity of this process (108, 119). Recently, the concept of permanent tissue localization of TRM was challenged in murine experimental models that describe retrograde migrating cells with a TRM phenotype to draining lymph nodes, the blood and distant tissue sites (120, 121). This opens the interesting possibility that inflammatory T cells from affected organs initiate the inflammatory cascade at distant sites. Indeed, host-derived TRM can exit the skin after hematopoietic stem cell transplantation upon inflammation and contribute to GvHD in distinct organs (122). Transdifferentiation and entry into distant tissues by GvHD-driving TRM may represent a novel systemic factor contributing to this inflammatory multi-organ disease. By emigration from the skin into the circulation, these cells can become targetable by ECP and could be directly influenced by this systemic immunotherapy. However, indirect effects of ECP on TRM are also conceivable by interaction of resident immune cells with cell types that had been stimulated by ECP before migrating into tissues of GvHD-affected organs.

ECP as immunosuppressive second line treatment of GvHD has effects on a variety of immune cells and can induce Treg, as previously described (see chapter “The interface between ECP and regulatory T cells (Treg) in the context of cGvHD” of this review). It also affects effector T cells that might become or derive from TRM. Effector CD4+ T cell lineages can be classified into Th1, Th2, Th17/Th22 and Tfh cells according to their transcriptional, cytokine and chemokine receptor profile (123). While Th2 cells are found in acute GvHD, a Th1/Th17 signature can be observed in chronic GvHD (124). Long-term ECP therapy of acute and chronic GvHD exerts immunomodulatory effects on various effector T cells by promoting immune reconstitution and immune tolerance of T-helper cell subsets (Figure 2) (125).

The observation of changes in effector T cell lineages could be caused directly by ECP or mediated via other cell types that influence T cells within the tissue, where cellular interactions and cell-to-cell contacts are provided (126) and TRM are localised. In fact, maturation of monocytes to DCs facilitated by ECP is regarded as one of the mechanistic cores of ECP (127). Therefore, ECP is also regarded as monocyte-/myeloid cell-based cellular immunotherapy instrumental for adaptive immunity and tolerance mediated by various T cell subsets (128). Myeloid cells comprise a heterogenic group of cells that can differentiate from monocytes including DCs, macrophages and monocyte-derived suppressor cells. Dendritic cells are professional antigen-presenting cells (APC) that sense antigens in barrier tissues, migrate to lymphoid organs to prime naïve T cells becoming tolerogenic or immunogenic antigen-specific effector cells. Consequently, DC induced by ECP are instrumental for antigen-specific T cell-mediated immunity and tolerance (129). The change in DC morphology and function has been demonstrated in several different diseases treated by ECP and is likely to be the primary biological effect of the treatment (Figure 2). Additional effects of ECP occur downstream from dendritic cell changes and reflect the disease process that is being treated, the age of the patient and extent of organ damage. ECP, through the action of DCs, induces a change in the cytokine environment from a pro-inflammatory Th1 to an anti-inflammatory Th2 response, with a decrease in IFNγ, TNFα, and IL-2 secretion and an increase in TGFβ serum levels (130). In addition, monocyte-derived macrophages are important for tissue homeostasis and take a centre stage in inflammatory disorders (131). Monocyte-derived suppressor cells can directly influence the disease course of GvHD (132) or act via regulatory T cells (133, 134). Specifically in the context of ECP, there is also a mechanical effect on mononuclear cells due to the movement of blood through plastic tubing. Monocyte and dendritic cell differentiation and maturation changes have been demonstrated after blood has flowed through plastic tubing, probably mediated via activated platelet signalling (9).

The interaction of human circulating and tissue-resident T cells with monocyte-derived DCs is crucial to understand mechanistic insights of ECP. To investigate the shift of effector T cell lineages upon ECP and the influence of ECP-stimulated monocytes on T cell subsets, a human in vitro model of ECP was developed. This co-culture model provides evidence that ECP-treated monocytes reduce proliferation of CD4+ T cells and change their cytokine secretion pattern in a contact-dependent manner (135). This is an example of how T cells – including TRM – can be influenced by other ECP-targeted cells in GvHD patients.



Naive T-cells/TRECs in ECP treated paediatric patients

As previously discussed, the age of the patient is also an important determinant to the final outcome of ECP treatment. In the HSCT setting, paediatric patients have the ability to completely reconstitute normal immunity, as thymic function is still present, and donor stem cells are able to differentiate into donor stem cell-derived, but recipient thymus educated T cells, using central thymic tolerance mechanisms to reduce allo-reactivity (136). However, the primary mode of action appears to be directed at DCs, through uptake of apoptotic mononuclear cells, initiating a tolerogenic rather than pro-inflammatory milieu (100), promotion of Tregs (80) and upregulation of peripheral tolerance mechanisms.

In paediatric patients with aGvHD, the increase in peripheral tolerance leads to a reduction in the inflammatory effect of donor stem cell-derived, donor thymus educated T cells. This is reflected in the resolution of symptoms of aGvHD in skin, liver and intestine, but also in the inflammatory damage to the thymus. In combination with the concurrent reduction in conventional immunosuppression, particularly cortico-steroids, thymic recovery is promoted. One small study of paediatric patients treated with ECP for aGvHD demonstrated emergence of new thymic emigrants (determined by a rise in T cells containing T cell receptor excision circles, a DNA marker of thymopoiesis), with an increase in diversity of the T-lymphocyte receptor. These changes were accompanied by changes in metabolic pathways favouring Tregs and inhibiting effector T cells (137).




Current biomarker studies for ECP response in cGvHD

Given the heterogeneous nature of GvHD, prediction of risk, prognosis, and treatment response monitoring would be of significant benefit, allowing for a more personalised treatment plan for patients following HSCT. Successful biomarkers offer objective, unbiased information on systemic disorders, and significant effort has been made to identify effective biomarkers for GvHD. Ideally, a GvHD biomarker should be actionable, utilizing the results of biomarker testing to guide clinical management of disease and clinical trial design. Biomarkers may be used for diagnostic or predictive reasons, define response to therapy or guide prognosis and risk assessment. However, to date no GvHD biomarker has been accepted for clinical use (138). Biomarker identification and validation in cGvHD is not straightforward, due to the heterogenous impact on recipient organs, increased timeframe of onset and course of the disease and lack of multicentre trials with sufficient patient samples (138, 139). Additionally, age related differences in the biology of cGvHD may exist (139, 140). Further research is necessary to establish how GvHD biomarkers are best incorporated into ECP treatment pathways, with the goal of tailoring ECP to the needs of individual patients and maximizing ECP benefit (141).


Clonal T cells

One of the first studies on biomarkers for ECP response in GvHD investigated whether circulating clonal T cells in peripheral blood (PB) and clonal T cell receptor γ (TCRγ) rearrangement, could be linked to response to ECP, as was previously demonstrated in cutaneous T cell lymphoma (CTCL) (142, 143). Peripheral blood samples of 27 patients (extensive cGvHD n=17, no cGvHD n=10) were analysed and TCRγ gene rearrangements and amplified clonal T cell populations were found in 60% of the patients without cGvHD and in 76.5% of patients with cGvHD, compared to 0% of the healthy controls. Eight of 12 patients receiving ECP showed significant response and had amplified clonal T cell populations. The authors concluded that expanded clonal T cell populations in the patients with cGvHD before treatment significantly increased the probability of cutaneous response to ECP (143) (Table 4).


Table 4 | Biomarkers for response of cGvHD to ECP (141).





B lymphocytes

Another study investigated levels of B lymphocyte subsets in 49 patients with moderate (n=25) and severe (n=24) cGvHD, measuring immature CD19+CD21− B cells and memory CD19+CD27+ cells as prediction markers for ECP response (144). The proportions of memory CD19+CD27+ cells prior to ECP were not significantly different between the groups, however there was a significantly higher ratio of CD21− to CD27+ cells before treatment in patients showing no response. In addition, ECP non-responders at 6 months showed a significantly higher percentage of immature CD19+CD21− B lymphocytes (mean 22%) in PB before the start of ECP and at 6 months of ECP compared with CR (mean 8%) and PR (mean 16%) patients. Whether these findings are ECP-specific has to remain speculative, because no other treatment cohorts were analysed and the mechanisms of action of ECP are still subject to further research. Therefore, CD19+CD21− B lymphocytes could also serve as a biomarker for measuring disease activity of cGvHD (144) (Table 4).



Plasma B-cell activating factor

In addition to B lymphocytes, plasma B-cell activating factor (BAFF) levels were also investigated in following studies. Whittle and Taylor used BAFF as a biomarker predicting ECP treatment response in 46 patients with cutaneous cGvHD (146). BAFF levels after 1 month of ECP predicted response at 3 and 6 months. Patients with BAFF concentrations of <4 ng/mL showed decreased skin cGvHD and complete resolution in 11 patients, while those with high BAFF concentrations showed worsened skin cGvHD at 6 months and resolution in only 1 patient. BAFF levels after 3 months of treatment predicted probability of maintaining improvement for another 3 months (146) (Table 4).



T cells and dendritic cells

A subsequent study investigated correlation of response to ECP with patients’ baseline circulating DCs and T cells in 25 cGvHD patients (145). Patients who responded to ECP had higher baseline circulating myeloid and plasmacytoid DC precursors and CD4+ and CD8+ T cells, which can predict response to ECP in cGvHD patients. The study noted that apart from a decrease in CD4+ cells in responsive patients, there was no significant changes in CD8+ T cell of DC numbers over a 12-month period following ECP treatment (141, 145).

In a retrospective study focused on T lymphocyte population, including CD3+ harvested during ECP procedures (147), the treatment response to ECP of 15 patients with SR cGvHD was correlated with the amount of CD3+ lymphocytes collected. Analysis showed that CD3+ numbers collected with apheresis for ECP during the first three months of treatment were associated with clinical response (Table 4). This prediction of response may identify patients early on in treatment who are responding to ECP and exclude those who are unlikely to achieve clinical response (141, 147).



Regulatory T cells

Recently, independent groups have suggested the potential use of Treg counts as a biomarker of ECP effectiveness (83, 149, 150). Of note, one study has shown that the increase in circulating Treg associated with ECP treatment in responding patients is most noticeable when ECP is continued for a long period of time, as the follow-up lasts for up to eight years (83). Another study explored administration of the ECP method as a preventive measure, which additionally raises another path for investigation. In fact, among twelve patients that underwent prophylactic ECP after HSCT, lower absolute numbers of CD4+CD25+CD127-HLA-DR+ Treg cells were found in the group of patients developing cGvHD (149) (Table 4). Thus, highlighting that modulating Treg homeostasis may be an important component of ECP success.

In the context of Tregs, Denney et al. examined CD4+CD25+CD127dim/−Foxp3+ Treg absolute counts and frequencies of 32 patients with cGvHD treated by ECP from three months up to one year (105). Compared to pre-ECP levels, both percentages and counts of Treg increased gradually at months six and nine after treatment started, although no statistical association with improvement in cutaneous cGvHD, global organ involvement and steroid tapering was found. There were similar results in a small study with 15 patients, in which CD4+CD25bright cells percentages increased constantly with ECP treatment until the 18th month in all cGvHD patients, regardless of their response to the photopheresis (106). Moreover, applying a logistic regression model, Gandelman et al. could not find a clear pattern for both CD4+CD25+CD127loFoxp3+CD45RO+ Treg and cutaneous lymphocytes antigen (CLA)-expressing Treg frequencies between responders and non-responders of ECP in more than 30 samples analysed. Instead, Treg numbers were highly variable across the patients (43).

Interestingly, other groups have shown a positive correlation between Treg and ECP, but only in specific situations. In a clinical trial that combined ECP treatment with low-dose IL-2 for cGvHD patients, Treg absolute counts and Treg : Tcon cell ratio only increased after IL-2 supplementation, not exclusively in responders (151). On the other hand, aligned with the concept that Treg levels are affected by different clinical variables, Zhu et al. encountered a trend for higher CD4+Foxp3+ Treg percentages only in ECP-responders cGvHD patients without a history of both aGvHD and sclerosis, the fibrotic form of cGvHD (152); however, the reduced number of samples compromised statistical analysis. On the contrary, the previously cited work of Denney et al. could not find significant differences in Treg parameters between the 22 patients that had prior aGvHD and the 10 that did not (105). Nevertheless, those studies are important to highlight that the different clinical manifestations of GvHD should be taken into consideration when addressing the ECP effects.



MicroRNAs

More recently, microRNAs have been assessed as potential biomarkers in the context of GvHD. These small (~22 nucleotide), non-coding RNAs function to downregulate translation of mRNA and have been shown to possess critical regulatory functions in virtually all physiological processes, targeting up to 50% of the human genome (153). MicroRNAs may be considered as ideal biomarker candidates, as they are aberrantly expressed in many disease states, present in non-invasively collected biofluids, highly stable and their collection and assessment can be performed using clinically translatable methods. Several authors, including ourselves (154–156), have identified microRNAs that target key pathways implicated in the pathology of GvHD. However, our understanding of the role of microRNAs in the mechanisms of ECP action as therapy for GvHD, as well as biomarkers for ECP outcome, is still relatively understudied.

In a pilot study conducted by Montoya et al, an initial cohort of 10 GvHD patients (7 cGvHD and 3 aGvHD) demonstrated increased pre-ECP plasma expression of miR-22-5p, miR-34a-5p, miR-148a-3p and miR-505-3p compared to healthy controls, which decreased to comparable levels by 6 months post-ECP (148) (Table 4). Increased expression of miR-34a-5p and miR-148a-3p was validated in 45 independent GvHD patients (31 cGvHD and 14 aGvHD), whereby expression was increased in GvHD patients prior to ECP treatment compared to controls, and microRNA levels significantly decreased with therapy. Interestingly, this effect was not observed in an independent cohort of patients receiving ECP therapy for lung transplantation, indicating the effect was GvHD-specific and not intrinsically associated with ECP therapy. At 6 months post-ECP, patients responding to therapy demonstrated higher pre-ECP levels of miR-34a-5p, and lower miR-148a-3p expression compared to non-responders. This effect was further demonstrated by receiver operator characteristics (ROC), which also indicated that a combination of both markers showed a stronger effect than either microRNA alone (148). Although these results indicate the potential for miR-34a-5p and miR-148-3p as circulatory biomarkers for ECP response in patients with ECP, the authors did not report their effect in the individual subtypes of aGvHD and cGvHD. It would be interesting to validate their biomarker potential in cGvHD specifically, as well as explore the source of microRNA and their individual involvement in the mechanism of ECP response.

Also of biomarker relevance, it has been shown that in the context of cutaneous T cell lymphoma (CTCL), an early increase in expression of miR-191, miR-223 and miR-342 expression in PBMC at 3 months post-ECP was associated with clinical response at 6-12 months (157). Although the ECP process does not differentiate which disease is being treated, it is not clear if increased microRNA expression at 3 months in comparison to baseline is directly attributed to ECP therapy, or representative of altered levels in the context of underlying CTCL. These results therefore warrant further investigation in a post-HSCT setting.




Conclusion

During the last years, efforts have been made to improve outcome of patients with cGvHD by new NIH consensus guidelines, new therapeutic approaches and combination therapies, but also by more in-depth research of the mode of action of ECP.

In published studies, ORR to ECP varies from 40% to 80%, with the highest organ responses reaching approximately 80% in the skin and mouth, 70% in the liver, 60% in the eye and 50% in the joint and visceral involvement. The role of ECP in pulmonary cGvHD is still controversial. However, even in patients with disease stabilization, ECP allows the reduction of CS doses, and in some patients with CR or PR, ECP enables discontinuation of IS. In patients with SR cGvHD, ECP has a steroid-sparing effect, as evidenced by reduction in corticosteroids concomitant with clinical improvement of cGvHD features. The combination of ruxolitinib and ECP in SR cGvHD not responding to either treatment alone has synergistic effects, with both therapies inhibiting proinflammatory signals. The importance of fully understanding the immunomodulatory mechanism of action of ECP is increasingly apparent, in order to better tailor personalised treatment schedules.

With regard to TRM and effector T cell subsets, we know that these play an important role for tissue inflammation during GvHD. They are also important targets for ECP, either directly or via interaction with monocyte-derived dendritic cells and/or macrophages. With newly applied T-cell-targeted therapies, TRM with their pattern of cytokine and immune checkpoint molecule expression have become a focus of immunotherapy. The interesting aspect exists that these novel experimental approaches can be combined with ECP in future for a more efficacious treatment with a beneficial profile of side effects. While the importance of Treg in ECP mechanism of action is increasingly recognized, it is essential to consider a broader assessment of Treg phenotype and function, instead of limiting the study to measurement of Treg cell frequencies. Further knowledge in this setting may indicate that a modulation of Treg activity synergizes with ECP response, thus leading to an improved prognostic. Crucially, it is also important to elucidate how much of the ECP response may be explained by spontaneous fluctuations in GvHD activity, as immunological changes in cell composition may be driven by ECP but also by GvHD itself and the effect of steroid withdrawal.

With the availability of easy-to-assess biomarkers, we are on the verge of developing new tools to monitor or even predict treatment success, in order to optimize management of cGvHD patients. Further research is needed to establish how cGvHD biomarkers are best incorporated in ECP treatment pathways with the aim of tailoring ECP to meet the needs of individual patients and maximizing benefit. This should incorporate larger cohorts of patients studied prospectively with longer follow-ups and well-defined clinical parameters, submitted to robust centralized in vitro analysis.



Author contributions

RC designed and coordinated the preparation of the manuscript. IB, RC, AF, AG, HG, RK, JL, CP, AP, DP, KS, GS and NW planned content and wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by COST (European Cooperation in Science and Technology). www.cost.eu - COST Action 17138 EUROGRAFT. RC is funded by Newcastle Hospitals Charity and a Mallinckrodt Investigator Initiated Research Grant.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Greinix, HT, Eikema, DJ, Koster, L, Penack, O, Yakoub-Agha, I, Montoto, S, et al. Improved outcome of patients with graft-versus-host disease after allogeneic hematopoietic cell transplantation for hematologic malignancies over time: An EBMT mega-file study. Haematologica (2022) 107(5):1054–63. doi: 10.3324/haematol.2020.265769

2. Zeiser, R, and Blazar, BR. Pathophysiology of chronic graft-versus-Host disease and therapeutic targets. N Engl J Med (2017) 377(26):2565–79. doi: 10.1056/NEJMra1703472

3. Pidala, J, Kurland, BF, Chai, X, Vogelsang, G, Weisdorf, DJ, Pavletic, S, et al. Sensitivity of changes in chronic graft-versus-host disease activity to changes in patient-reported quality of life: results from the chronic graft-versus-Host disease consortium. Haematologica (2011) 96(10):1528–35. doi: 10.3324/haematol.2011.046367

4. Flowers, ME, Parker, PM, Johnston, LJ, Matos, AV, Storer, B, Bensinger, WI, et al. Comparison of chronic graft-versus-host disease after transplantation of peripheral blood stem cells versus bone marrow in allogeneic recipients: long-term follow-up of a randomized trial. Blood (2002) 100(2):415–9. doi: 10.1182/blood-2002-01-0011

5. Abu-Dalle, I, Reljic, T, Nishihori, T, Antar, A, Bazarbachi, A, Djulbegovic, B, et al. Extracorporeal photopheresis in steroid-refractory acute or chronic graft-versus-host disease: results of a systematic review of prospective studies. Biol Blood Marrow Transplant (2014) 20(11):1677–86. doi: 10.1016/j.bbmt.2014.05.017

6. Flowers, ME, Apperley, JF, van Besien, K, Elmaagacli, A, Grigg, A, Reddy, V, et al. A multicenter prospective phase 2 randomized study of extracorporeal photopheresis for treatment of chronic graft-versus-host disease. Blood (2008) 112(7):2667–74. doi: 10.1182/blood-2008-03-141481

7. Malagola, M, Cancelli, V, Skert, C, Leali, PF, Ferrari, E, Tiburzi, A, et al. Extracorporeal photopheresis for treatment of acute and chronic graft versus host disease: An Italian multicentric retrospective analysis on 94 patients on behalf of the gruppo italiano trapianto di midollo osseo. Transplantation (2016) 100(12):e147–e55. doi: 10.1097/TP.0000000000001466

8. Sakellari, I, Gavriilaki, E, Batsis, I, Mallouri, D, Panteliadou, AK, Lazaridou, A, et al. Favorable impact of extracorporeal photopheresis in acute and chronic graft versus host disease: Prospective single-center study. J Clin Apher (2018) 33(6):654–60. doi: 10.1002/jca.21660

9. Vieyra-Garcia, PA, and Wolf, P. Extracorporeal photopheresis: A case of immunotherapy ahead of its time. Transfus Med Hemother (2020) 47(3):226–35. doi: 10.1159/000508479

10. Nygaard, M, Wichert, S, Berlin, G, and Toss, F. Extracorporeal photopheresis for graft-vs-host disease: A literature review and treatment guidelines proposed by the Nordic ECP quality group. Eur J Haematol (2020) 104(5):361–75. doi: 10.1111/ejh.13381

11. Dunbar, NM, Raval, JS, Johnson, A, Abikoff, CM, Adamski, J, Cooling, LL, et al. Extracorporeal photopheresis practice patterns: An international survey by the ASFA ECP subcommittee. J Clin Apher (2017) 32(4):215–23. doi: 10.1002/jca.21486

12. Ward, DM. Extracorporeal photopheresis: how, when, and why. J Clin Apher (2011) 26(5):276–85. doi: 10.1002/jca.20300

13. Edelson, R, Berger, C, Gasparro, F, Jegasothy, B, Heald, P, Wintroub, B, et al. Treatment of cutaneous T-cell lymphoma by extracorporeal photochemotherapy. preliminary results. N Engl J Med (1987) 316(6):297–303. doi: 10.1056/NEJM198702053160603

14. Knobler, R, Arenberger, P, Arun, A, Assaf, C, Bagot, M, Berlin, G, et al. European Dermatology forum - updated guidelines on the use of extracorporeal photopheresis 2020 - part 1. J Eur Acad Dermatol Venereol (2020) 34(12):2693–716. doi: 10.1111/jdv.16890

15. Kapadia, E, Wong, E, Perez-Albuerne, E, and Jacobsohn, D. Extracorporeal photopheresis performed on the CELLEX® compared with the UVAR-XTS® instrument is more efficient and better tolerated in children with steroid-refractory graft-versus-host disease. Pediatr Blood Cancer (2015) 62(8):1485–8. doi: 10.1002/pbc.25487

16. Rangarajan, HG, Punzalan, RC, Camitta, BM, and Talano, JA. The use of novel therakos™ cellex® for extracorporeal photopheresis in treatment of graft-versus-host disease in paediatric patients. Br J Haematol (2013) 163(3):357–64. doi: 10.1111/bjh.12535

17. Bisaccia, E, Vonderheid, EC, and Geskin, L. Safety of a new, single, integrated, closed photopheresis system in patients with cutaneous T-cell lymphoma. Br J Dermatol (2009) 161(1):167–9. doi: 10.1111/j.1365-2133.2009.09081.x

18. Radwanski, K, Burgstaler, E, Weitgenant, J, Dale, H, Heber, C, and Winters, J. Pilot study of a new online extracorporeal photopheresis system in patients with steroid refractory or dependent chronic graft vs host disease. J Clin Apheresis (2020) 35(4):342–50. doi: 10.1002/jca.21804

19. Andreu, G, Leon, A, Heshmati, F, Tod, M, Menkes, CJ, Baudelot, J, et al. Extracorporeal photochemotherapy: evaluation of two techniques and use in connective tissue disorders. Transfus Sci (1994) 15(4):443–54. doi: 10.1016/0955-3886(94)90178-3

20. Kaufman, RM, Djulbegovic, B, Gernsheimer, T, Kleinman, S, Tinmouth, AT, Capocelli, KE, et al. Platelet transfusion: a clinical practice guideline from the AABB. Ann Intern Med (2015) 162(3):205–13. doi: 10.7326/M14-1589

21. Liu, C, Shah, K, Dynis, M, Eby, CS, and Grossman, BJ. Linear relationship between lymphocyte counts in peripheral blood and buffy coat collected during extracorporeal photopheresis. Transfusion (2013) 53(11):2635–43. doi: 10.1111/trf.12114

22. Berger, M, Albiani, R, Sini, B, and Fagioli, F. Extracorporeal photopheresis for graft-versus-host disease: the role of patient, transplant, and classification criteria and hematologic values on outcome-results from a large single-center study. Transfusion (2015) 55(4):736–47. doi: 10.1111/trf.12900

23. Sanford, KW, and Balogun, RA. Therapeutic apheresis in critically ill patients. J Clin Apher (2011) 26(5):249–51. doi: 10.1002/jca.20304

24. Pierelli, L, Perseghin, P, Marchetti, M, Messina, C, Perotti, C, Mazzoni, A, et al. Extracorporeal photopheresis for the treatment of acute and chronic graft-versus-host disease in adults and children: best practice recommendations from an Italian society of hemapheresis and cell manipulation (SIdEM) and Italian group for bone marrow transplantation (GITMO) consensus process. Transfusion (2013) 53(10):2340–52. doi: 10.1111/trf.12059

25. Faivre, L, Lecouflet, L, Liu, WQ, Khadher, I, Lahaie, C, Vidal, M, et al. Quality control of extracorporeal photochemotherapy: Proliferation assay using CFSE validated according to ISO 15189:2007 standards. Cytometry B Clin Cytom (2015) 88(1):30–9. doi: 10.1002/cytob.21188

26. Schwab, L, Michel, G, Bein, G, and Hackstein, H. CD71 surface analysis of T cells: a simple alternative for extracorporeal photopheresis quality control. Vox Sang (2020) 115(1):81–93. doi: 10.1111/vox.12850

27. Blaha, M, Gasova, Z, Berlin, G, Audzijoniene, J, Griskevicius, A, Dykes, J, et al. Analysis of extracorporeal photopheresis within the frame of the WAA register. Transfus Apher Sci (2021) 60(5):103172. doi: 10.1016/j.transci.2021.103172

28. DeSimone, RA, Schwartz, J, and Schneiderman, J. Extracorporeal photopheresis in pediatric patients: Practical and technical considerations. J Clin Apher (2017) 32(6):543–52. doi: 10.1002/jca.21534

29. Raval, JS, and Ratcliffe, NR. Extracorporeal photopheresis and personalized medicine in the 21st century: The future’s so bright! J Clin Apher (2018) 33(4):461–3. doi: 10.1002/jca.21633

30. Hackstein, H, Misterek, J, Nockher, A, Reiter, A, Bein, G, and Woessmann, W. Mini buffy coat photopheresis for children and critically ill patients with extracorporeal photopheresis contraindications. Transfusion (2009) 49(11):2366–73. doi: 10.1111/j.1537-2995.2009.02289.x

31. Schreiner, T, Gaczkowski, A, Scharffetter-Kochanek, K, and Borberg, H. Small-scale extracorporeal photopheresis for the treatment of cutaneous T-cell lymphoma: a report of 3 cases. Transfus Apher Sci (2005) 32(2):197–203. doi: 10.1016/j.transci.2004.10.020

32. Grabmer, C, Schlager, S, Mayer, G, Streif, D, Lener, T, Schallmoser, K, et al. An alternative mini buffy coat preparation method for adult patients with extracorporeal photopheresis contraindications. J Clin Apher (2017) 32(1):12–5. doi: 10.1002/jca.21455

33. Matic, T, Bojanic, I, Mazic, S, Golubic Cepulic, B, and Bilic, E. An automated mini buffy coat preparation method for use in mini extracorporeal photopheresis treatment of graft-vs-host-disease in a low body weight pediatric patient. J Clin Apher (2019) 34(4):468–73. doi: 10.1002/jca.21700

34. Toubai, T, Tanaka, J, Paczesny, S, Shono, Y, Reddy, P, and Imamura, M. Role of cytokines in the pathophysiology of acute graft-versus-host disease (GVHD): are serum/plasma cytokines potential biomarkers for diagnosis of acute GVHD following allogeneic hematopoietic cell transplantation (Allo-HCT)? Curr Stem Cell Res Ther (2012) 7(3):229–39. doi: 10.2174/157488812799859856

35. Im, A, and Pavletic, SZ. Deciphering the mystery: Extracorporeal photopheresis in graft-versus-Host disease. Biol Blood marrow transplantation: J Am Soc Blood Marrow Transplantation (2015) 21 11:1861–2. doi: 10.1016/j.bbmt.2015.09.011

36. de Waure, C, Capri, S, Veneziano, MA, Specchia, ML, Cadeddu, C, Di Nardo, F, et al. Extracorporeal photopheresis for second-line treatment of chronic graft-versus-Host diseases: Results from a health technology assessment in Italy. Value Health (2015) 18(4):457–66. doi: 10.1016/j.jval.2015.01.009

37. Greinix, HT, van Besien, K, Elmaagacli, AH, Hillen, U, Grigg, A, Knobler, R, et al. Progressive improvement in cutaneous and extracutaneous chronic graft-versus-host disease after a 24-week course of extracorporeal photopheresis–results of a crossover randomized study. Biol Blood Marrow Transplant (2011) 17(12):1775–82. doi: 10.1016/j.bbmt.2011.05.004

38. Jagasia, M, Scheid, C, Socié, G, Ayuk, FA, Tischer, J, Donato, ML, et al. Randomized controlled study of ECP with methoxsalen as first-line treatment of patients with moderate to severe cGVHD. Blood Adv (2019) 3(14):2218–29. doi: 10.1182/bloodadvances.2019000145

39. Alfred, A, Taylor, PC, Dignan, F, El-Ghariani, K, Griffin, J, Gennery, AR, et al. The role of extracorporeal photopheresis in the management of cutaneous T-cell lymphoma, graft-versus-host disease and organ transplant rejection: a consensus statement update from the UK photopheresis society. Br J Haematol (2017) 177(2):287–310. doi: 10.1111/bjh.14537

40. Del Fante, C, Scudeller, L, Viarengo, G, Bernasconi, P, and Perotti, C. Response and survival of patients with chronic graft-versus-host disease treated by extracorporeal photochemotherapy: a retrospective study according to classical and national institutes of health classifications. Transfusion (2012) 52(9):2007–15. doi: 10.1111/j.1537-2995.2011.03542.x

41. Malik, MI, Litzow, M, Hogan, W, Patnaik, M, Murad, MH, Prokop, LJ, et al. Extracorporeal photopheresis for chronic graft-versus-host disease: a systematic review and meta-analysis. Blood Res (2014) 49(2):100–6. doi: 10.5045/br.2014.49.2.100

42. Flowers, ME, and Martin, PJ. How we treat chronic graft-versus-host disease. Blood (2015) 125(4):606–15. doi: 10.1182/blood-2014-08-551994

43. Gandelman, JS, Song, DJ, Chen, H, Engelhardt, BG, Chen, YB, Clark, WB, et al. A prospective trial of extracorporeal photopheresis for chronic graft-versus-Host disease reveals significant disease response and no association with frequency of regulatory T cells. Biol Blood Marrow Transplant (2018) 24(12):2373–80. doi: 10.1016/j.bbmt.2018.06.035

44. Jagasia, M, Greinix, H, Robin, M, Das-Gupta, E, Jacobs, R, Savani, BN, et al. Extracorporeal photopheresis versus anticytokine therapy as a second-line treatment for steroid-refractory acute GVHD: a multicenter comparative analysis. Biol Blood Marrow Transplant (2013) 19(7):1129–33. doi: 10.1016/j.bbmt.2013.04.018

45. Greinix, HT, Ayuk, F, and Zeiser, R. Extracorporeal photopheresis in acute and chronic steroid−refractory graft-versus-host disease: an evolving treatment landscape. Leukemia (2022) 36(11):2558–66. doi: 10.1038/s41375-022-01701-2

46. Foss, FM, DiVenuti, GM, Chin, K, Sprague, K, Grodman, H, Klein, A, et al. Prospective study of extracorporeal photopheresis in steroid-refractory or steroid-resistant extensive chronic graft-versus-host disease: analysis of response and survival incorporating prognostic factors. Bone Marrow Transplant (2005) 35(12):1187–93. doi: 10.1038/sj.bmt.1704984

47. Dignan, FL, Aguilar, S, Scarisbrick, JJ, Shaw, BE, Potter, MN, Cavenagh, J, et al. Impact of extracorporeal photopheresis on skin scores and quality of life in patients with steroid-refractory chronic GVHD. Bone Marrow Transplant (2014) 49(5):704–8. doi: 10.1038/bmt.2014.21

48. Jagasia, MH, Savani, BN, Stricklin, G, Engelhardt, B, Kassim, A, Dixon, S, et al. Classic and overlap chronic graft-versus-host disease (cGVHD) is associated with superior outcome after extracorporeal photopheresis (ECP). Biol Blood Marrow Transplant (2009) 15(10):1288–95. doi: 10.1016/j.bbmt.2009.06.007

49. Dignan, FL, Greenblatt, D, Cox, M, Cavenagh, J, Oakervee, H, Apperley, JF, et al. Efficacy of bimonthly extracorporeal photopheresis in refractory chronic mucocutaneous GVHD. Bone Marrow Transplant (2012) 47(6):824–30. doi: 10.1038/bmt.2011.186

50. Couriel, DR, Hosing, C, Saliba, R, Shpall, EJ, Anderlini, P, Rhodes, B, et al. Extracorporeal photochemotherapy for the treatment of steroid-resistant chronic GVHD. Blood (2006) 107(8):3074–80. doi: 10.1182/blood-2005-09-3907

51. Nygaard, M, Karlsmark, T, Andersen, NS, Schjodt, IM, Petersen, SL, Friis, LS, et al. Longitudinal follow-up of response status and concomitant immunosuppression in patients treated with extracorporeal photopheresis for chronic graft versus host disease. Bone Marrow Transplant (2019) 54(1):35–43. doi: 10.1038/s41409-018-0206-5

52. Apisarnthanarax, N, Donato, M, Korbling, M, Couriel, D, Gajewski, J, Giralt, S, et al. Extracorporeal photopheresis therapy in the management of steroid-refractory or steroid-dependent cutaneous chronic graft-versus-host disease after allogeneic stem cell transplantation: feasibility and results. Bone Marrow Transplant (2003) 31(6):459–65. doi: 10.1038/sj.bmt.1703871

53. Ussowicz, M, Musial, J, Mielcarek, M, Tomaszewska, A, Nasilowska-Adamska, B, Kalwak, K, et al. Steroid-sparing effect of extracorporeal photopheresis in the therapy of graft-versus-host disease after allogeneic hematopoietic stem cell transplantation. Transplant Proc (2013) 45(9):3375–80. doi: 10.1016/j.transproceed.2013.07.053

54. Greinix, H, Knobler, R, Worel, N, Schneider, B, Schneeberger, A, Hoecker, P, et al. The effect of intensified extracorporeal photochemotherapy on long-term survival in patients with severe acute graft-versus-host disease. Haematologica (2006) 91 3:405–8.

55. Suchin, KR, Cassin, M, Washko, R, Nahass, G, Berkson, M, Stouch, B, et al. Extracorporeal photochemotherapy does not suppress T- or b-cell responses to novel or recall antigens. J Am Acad Dermatol (1999) 41(6):980–6. doi: 10.1016/S0190-9622(99)70257-4

56. Zeiser, R, Polverelli, N, Ram, R, Hashmi, SK, Chakraverty, R, Middeke, JM, et al. Ruxolitinib for glucocorticoid-refractory chronic graft-versus-Host disease. N Engl J Med (2021) 385(3):228–38. doi: 10.1056/NEJMoa2033122

57. Lee, SJ, Wolff, D, Kitko, C, Koreth, J, Inamoto, Y, Jagasia, M, et al. Measuring therapeutic response in chronic graft-versus-host disease. national institutes of health consensus development project on criteria for clinical trials in chronic graft-versus-host disease: IV. the 2014 response criteria working group report. Biol Blood Marrow Transplant (2015) 21(6):984–99. doi: 10.1016/j.bbmt.2015.02.025

58. Maas-Bauer, K, Kiote-Schmidt, C, Bertz, H, Apostolova, P, Wäsch, R, Ihorst, G, et al. Ruxolitinib-ECP combination treatment for refractory severe chronic graft-versus-host disease. Bone Marrow Transplant (2021) 56(4):909–16. doi: 10.1038/s41409-020-01122-8

59. Wolff, D, Schleuning, M, von Harsdorf, S, Bacher, U, Gerbitz, A, Stadler, M, et al. Consensus conference on clinical practice in chronic GVHD: Second-line treatment of chronic graft-versus-Host disease. Biol Blood Marrow Transplant (2011) 17(1):1–17. doi: 10.1016/j.bbmt.2010.05.011

60. Wang, L, Ni, M, Huckelhoven-Krauss, A, Sellner, L, Hoffmann, JM, Neuber, B, et al. Modulation of b cells and homing marker on NK cells through extracorporeal photopheresis in patients with steroid-Refractory/Resistant graft-Vs.-Host disease without hampering anti-viral/Anti-leukemic effects. Front Immunol (2018) 9:2207. doi: 10.3389/fimmu.2018.02207

61. Sakaguchi, S, Miyara, M, Costantino, CM, and Hafler, DA. FOXP3+ regulatory T cells in the human immune system. Nat Rev Immunol (2010) 10(7):490–500. doi: 10.1038/nri2785

62. Baecher-Allan, C, Brown, JA, Freeman, GJ, and Hafler, DA. CD4+CD25high regulatory cells in human peripheral blood. J Immunol (2001) 167(3):1245–53. doi: 10.4049/jimmunol.167.3.1245

63. Fontenot, JD, Rasmussen, JP, Williams, LM, Dooley, JL, Farr, AG, and Rudensky, AY. Regulatory T cell lineage specification by the forkhead transcription factor foxp3. Immunity (2005) 22(3):329–41. doi: 10.1016/j.immuni.2005.01.016

64. Wang, J, Ioan-Facsinay, A, van der Voort, EI, Huizinga, TW, and Toes, RE. Transient expression of FOXP3 in human activated nonregulatory CD4+ T cells. Eur J Immunol (2007) 37(1):129–38. doi: 10.1002/eji.200636435

65. Walker, MR, Kasprowicz, DJ, Gersuk, VH, Benard, A, Van Landeghen, M, Buckner, JH, et al. Induction of FoxP3 and acquisition of T regulatory activity by stimulated human CD4+CD25- T cells. J Clin Invest (2003) 112(9):1437–43. doi: 10.1172/JCI19441

66. Allan, SE, Crome, SQ, Crellin, NK, Passerini, L, Steiner, TS, Bacchetta, R, et al. Activation-induced FOXP3 in human T effector cells does not suppress proliferation or cytokine production. Int Immunol (2007) 19(4):345–54. doi: 10.1093/intimm/dxm014

67. Liu, W, Putnam, AL, Xu-Yu, Z, Szot, GL, Lee, MR, Zhu, S, et al. CD127 expression inversely correlates with FoxP3 and suppressive function of human CD4+ T reg cells. J Exp Med (2006) 203(7):1701–11. doi: 10.1084/jem.20060772

68. Seddiki, N, Santner-Nanan, B, Martinson, J, Zaunders, J, Sasson, S, Landay, A, et al. Expression of interleukin (IL)-2 and IL-7 receptors discriminates between human regulatory and activated T cells. J Exp Med (2006) 203(7):1693–700. doi: 10.1084/jem.20060468

69. Schmidt, A, Oberle, N, and Krammer, PH. Molecular mechanisms of treg-mediated T cell suppression. Front Immunol (2012) 3:51. doi: 10.3389/fimmu.2012.00051

70. Chatila, TA, and Williams, CB. Regulatory T cells: exosomes deliver tolerance. Immunity (2014) 41(1):3–5. doi: 10.1016/j.immuni.2014.07.001

71. Okoye, IS, Coomes, SM, Pelly, VS, Czieso, S, Papayannopoulos, V, Tolmachova, T, et al. MicroRNA-containing T-regulatory-cell-derived exosomes suppress pathogenic T helper 1 cells. Immunity (2014) 41(1):89–103. doi: 10.1016/j.immuni.2014.05.019

72. Soares, MV, Azevedo, RI, Ferreira, IA, Bucar, S, Ribeiro, AC, Vieira, A, et al. Naive and stem cell memory T cell subset recovery reveals opposing reconstitution patterns in CD4 and CD8 T cells in chronic graft vs. host disease. Front Immunol (2019) 10:334. doi: 10.3389/fimmu.2019.00334

73. Alho, AC, Kim, HT, Chammas, MJ, Reynolds, CG, Matos, TR, Forcade, E, et al. Unbalanced recovery of regulatory and effector T cells after allogeneic stem cell transplantation contributes to chronic GVHD. Blood (2016) 127(5):646–57. doi: 10.1182/blood-2015-10-672345

74. Zorn, E, Kim, HT, Lee, SJ, Floyd, BH, Litsa, D, Arumugarajah, S, et al. Reduced frequency of FOXP3+ CD4+CD25+ regulatory T cells in patients with chronic graft-versus-host disease. Blood (2005) 106(8):2903–11. doi: 10.1182/blood-2005-03-1257

75. Zhai, Z, Sun, Z, Li, Q, Zhang, A, Liu, H, Xu, J, et al. Correlation of the CD4+CD25high T-regulatory cells in recipients and their corresponding donors to acute GVHD. Transpl Int (2007) 20(5):440–6. doi: 10.1111/j.1432-2277.2007.00462.x

76. Rezvani, K, Mielke, S, Ahmadzadeh, M, Kilical, Y, Savani, BN, Zeilah, J, et al. High donor FOXP3-positive regulatory T-cell (Treg) content is associated with a low risk of GVHD following HLA-matched allogeneic SCT. Blood (2006) 108(4):1291–7. doi: 10.1182/blood-2006-02-003996

77. Miura, Y, Thoburn, CJ, Bright, EC, Phelps, ML, Shin, T, Matsui, EC, et al. Association of Foxp3 regulatory gene expression with graft-versus-host disease. Blood (2004) 104(7):2187–93. doi: 10.1182/blood-2004-03-1040

78. Magenau, JM, Qin, X, Tawara, I, Rogers, CE, Kitko, C, Schlough, M, et al. Frequency of CD4(+)CD25(hi)FOXP3(+) regulatory T cells has diagnostic and prognostic value as a biomarker for acute graft-versus-host-disease. Biol Blood Marrow Transplant (2010) 16(7):907–14. doi: 10.1016/j.bbmt.2010.02.026

79. Rubegni, P, Sbano, P, Cevenini, G, Perari, MG, Marotta, G, Risulo, M, et al. CD4+CD25+ lymphocyte subsets in chronic graft versus host disease patients undergoing extracorporeal photochemotherapy. Int J Immunopathol Pharmacol (2007) 20(4):801–7. doi: 10.1177/039463200702000416

80. Biagi, E, Di Biaso, I, Leoni, V, Gaipa, G, Rossi, V, Bugarin, C, et al. Extracorporeal photochemotherapy is accompanied by increasing levels of circulating CD4+CD25+GITR+Foxp3+CD62L+ functional regulatory T-cells in patients with graft-versus-host disease. Transplantation (2007) 84(1):31–9. doi: 10.1097/01.tp.0000267785.52567.9c

81. Di Biaso, I, Di Maio, L, Bugarin, C, Gaipa, G, Dander, E, Balduzzi, A, et al. Regulatory T cells and extracorporeal photochemotherapy: correlation with clinical response and decreased frequency of proinflammatory T cells. Transplantation (2009) 87(9):1422–5. doi: 10.1097/TP.0b013e3181a27a5d

82. Tsirigotis, P, Kaloyannidis, P, Papalexandri, A, Baltadakis, I, Karakasis, D, Batsis, I, et al. Extracorporeal photopheresis in the treatment of chronic graft-versus-host disease. the Hellenic experience: a study by the Hellenic association of hematology. Transfus Apher Sci (2012) 46(2):173–80. doi: 10.1016/j.transci.2011.09.001

83. Lopes, SM, Roncon, S, Pinho, AC, Bordalo, F, Antunes, L, Campilho, F, et al. Should we use extracorporeal photopheresis more often? evidence from graft-versus-host disease patients monitored with treg as a biomarker. Future Sci OA (2020) 6(8):FSO623–FSO. doi: 10.2144/fsoa-2020-0107

84. Maeda, A, Schwarz, A, Kernebeck, K, Gross, N, Aragane, Y, Peritt, D, et al. Intravenous infusion of syngeneic apoptotic cells by photopheresis induces antigen-specific regulatory T cells. J Immunol (2005) 174(10):5968–76. doi: 10.4049/jimmunol.174.10.5968

85. Maeda, A, Schwarz, A, Bullinger, A, Morita, A, Peritt, D, and Schwarz, T. Experimental extracorporeal photopheresis inhibits the sensitization and effector phases of contact hypersensitivity via two mechanisms: generation of IL-10 and induction of regulatory T cells. J Immunol (2008) 181(9):5956–62. doi: 10.4049/jimmunol.181.9.5956

86. Schwarz, T. 25 years of UV-induced immunosuppression mediated by T cells-from disregarded T suppressor cells to highly respected regulatory T cells. Photochem Photobiol (2008) 84(1):10–8. doi: 10.1111/j.1751-1097.2007.00223.x

87. Spisek, R, Gasova, Z, and Bartunkova, J. Maturation state of dendritic cells during the extracorporeal photopheresis and its relevance for the treatment of chronic graft-versus-host disease. Transfusion (2006) 46(1):55–65. doi: 10.1111/j.1537-2995.2005.00670.x

88. Lamioni, A, Parisi, F, Isacchi, G, Giorda, E, Di Cesare, S, Landolfo, A, et al. The immunological effects of extracorporeal photopheresis unraveled: induction of tolerogenic dendritic cells in vitro and regulatory T cells in vivo. Transplantation (2005) 79(7):846–50. doi: 10.1097/01.TP.0000157278.02848.C7

89. Kleinclauss, F, Perruche, S, Masson, E, de Carvalho Bittencourt, M, Biichle, S, Remy-Martin, JP, et al. Intravenous apoptotic spleen cell infusion induces a TGF-beta-dependent regulatory T-cell expansion. Cell Death Differ (2006) 13(1):41–52. doi: 10.1038/sj.cdd.4401699

90. Gatza, E, Rogers, CE, Clouthier, SG, Lowler, KP, Tawara, I, Liu, C, et al. Extracorporeal photopheresis reverses experimental graft-versus-host disease through regulatory T cells. Blood (2008) 112(4):1515–21. doi: 10.1182/blood-2007-11-125542

91. Lamioni, A, Carsetti, R, Legato, A, Landolfo, A, Isacchi, G, Emma, F, et al. Induction of regulatory T cells after prophylactic treatment with photopheresis in renal transplant recipients. Transplantation (2007) 83(10):1393–6. doi: 10.1097/01.tp.0000261635.30578.d8

92. Jonson, CO, Pihl, M, Nyholm, C, Cilio, CM, Ludvigsson, J, and Faresjö, M. Regulatory T cell-associated activity in photopheresis-induced immune tolerance in recent onset type 1 diabetes children. Clin Exp Immunol (2008) 153(2):174–81. doi: 10.1111/j.1365-2249.2008.03625.x

93. Meloni, F, Cascina, A, Miserere, S, Perotti, C, Vitulo, P, and Fietta, AM. Peripheral CD4(+)CD25(+) TREG cell counts and the response to extracorporeal photopheresis in lung transplant recipients. Transplant Proc (2007) 39(1):213–7. doi: 10.1016/j.transproceed.2006.10.227

94. Klassen, J. The role of photopheresis in the treatment of graft-versus-host disease. Curr Oncol (2010) 17(2):55–8. doi: 10.3747/co.v17i2.565

95. Gorgun, G, Miller, KB, and Foss, FM. Immunologic mechanisms of extracorporeal photochemotherapy in chronic graft-versus-host disease. Blood (2002) 100(3):941–7. doi: 10.1182/blood-2002-01-0068

96. Durazzo, TS, Tigelaar, RE, Filler, R, Hayday, A, Girardi, M, and Edelson, RL. Induction of monocyte-to-dendritic cell maturation by extracorporeal photochemotherapy: initiation via direct platelet signaling. Transfus Apher Sci (2014) 50(3):370–8. doi: 10.1016/j.transci.2013.11.008

97. Chung, EY, Kim, SJ, and Ma, XJ. Regulation of cytokine production during phagocytosis of apoptotic cells. Cell Res (2006) 16(2):154–61. doi: 10.1038/sj.cr.7310021

98. Lin, MT, Storer, B, Martin, PJ, Tseng, LH, Gooley, T, Chen, PJ, et al. Relation of an interleukin-10 promoter polymorphism to graft-versus-host disease and survival after hematopoietic-cell transplantation. N Engl J Med (2003) 349(23):2201–10. doi: 10.1056/NEJMoa022060

99. Bladon, J, and Taylor, PC. Lymphocytes treated by extracorporeal photopheresis can down-regulate cytokine production in untreated monocytes. Photodermatol Photoimmunol Photomed (2005) 21(6):293–302. doi: 10.1111/j.1600-0781.2005.00192.x

100. Di Renzo, M, Sbano, P, De Aloe, G, Pasqui, AL, Rubegni, P, Ghezzi, A, et al. Extracorporeal photopheresis affects co-stimulatory molecule expression and interleukin-10 production by dendritic cells in graft-versus-host disease patients. Clin Exp Immunol (2008) 151(3):407–13. doi: 10.1111/j.1365-2249.2007.03577.x

101. Budde, H, Berntsch, U, Riggert, J, and Legler, TJ. In vitro effects of different 8-methoxypsoralen treatment protocols for extracorporeal photopheresis on mononuclear cells. Cent Eur J Immunol (2017) 42(1):1–9. doi: 10.5114/ceji.2017.67312

102. Rao, V, Saunes, M, Jørstad, S, and Moen, T. Cutaneous T cell lymphoma and graft-versus-host disease: a comparison of in vivo effects of extracorporeal photochemotherapy on Foxp3+ regulatory T cells. Clin Immunol (2009) 133(3):303–13. doi: 10.1016/j.clim.2009.08.016

103. Schmitt, S, Johnson, TS, Karakhanova, S, Näher, H, Mahnke, K, and Enk, AH. Extracorporeal photophoresis augments function of CD4+CD25+FoxP3+ regulatory T cells by triggering adenosine production. Transplantation (2009) 88(3):411–6. doi: 10.1097/TP.0b013e3181aed927

104. Bladon, J, and Taylor, P. Extracorporeal photopheresis normalizes some lymphocyte subsets (including T regulatory cells) in chronic graft-versus-host-disease. Ther Apher Dial (2008) 12(4):311–8. doi: 10.1111/j.1744-9987.2008.00593.x

105. Denney, HA, Whittle, RJ, Lai, J, Jacques, RM, and Taylor, PC. Regulatory T cells in chronic graft-Versus-Host disease after extracorporeal photopheresis: Correlation with skin and global organ responses, and ability to taper steroids. Transplantation (2017) 101(1):204–11. doi: 10.1097/TP.0000000000001165

106. Quaglino, P, Comessatti, A, Ponti, R, Peroni, A, Mola, F, Fierro, MT, et al. Reciprocal modulation of circulating CD4+CD25+bright T cells induced by extracorporeal photochemotherapy in cutaneous T-cell lymphoma and chronic graft-versus-host-disease patients. Int J Immunopathol Pharmacol (2009) 22(2):353–62. doi: 10.1177/039463200902200212

107. Haniffa, M, Ginhoux, F, Wang, XN, Bigley, V, Abel, M, Dimmick, I, et al. Differential rates of replacement of human dermal dendritic cells and macrophages during hematopoietic stem cell transplantation. J Exp Med (2009) 206(2):371–85. doi: 10.1084/jem.20081633

108. Strobl, J, Pandey, RV, Krausgruber, T, Bayer, N, Kleissl, L, Reininger, B, et al. Long-term skin-resident memory T cells proliferate in situ and are involved in human graft-versus-host disease. Sci Transl Med (2020) 12(570). doi: 10.1126/scitranslmed.abb7028

109. Tkachev, V, Kaminski, J, Potter, EL, Furlan, SN, Yu, A, Hunt, DJ, et al. Spatiotemporal single-cell profiling reveals that invasive and tissue-resident memory donor CD8(+) T cells drive gastrointestinal acute graft-versus-host disease. Sci Transl Med (2021) 13(576). doi: 10.1126/scitranslmed.abc0227

110. Teijaro, JR, Turner, D, Pham, Q, Wherry, EJ, Lefrançois, L, and Farber, DL. Cutting edge: Tissue-retentive lung memory CD4 T cells mediate optimal protection to respiratory virus infection. J Immunol (2011) 187(11):5510–4. doi: 10.4049/jimmunol.1102243

111. Stary, G, Olive, A, Radovic-Moreno, AF, Gondek, D, Alvarez, D, Basto, PA, et al. VACCINES. a mucosal vaccine against chlamydia trachomatis generates two waves of protective memory T cells. Science (2015) 348(6241):aaa8205. doi: 10.1126/science.aaa8205

112. Hu, Y, Lee, YT, Kaech, SM, Garvy, B, and Cauley, LS. Smad4 promotes differentiation of effector and circulating memory CD8 T cells but is dispensable for tissue-resident memory CD8 T cells. J Immunol (2015) 194(5):2407–14. doi: 10.4049/jimmunol.1402369

113. Wilharm, A, Tabib, Y, Nassar, M, Reinhardt, A, Mizraji, G, Sandrock, I, et al. Mutual interplay between IL-17-producing γδT cells and microbiota orchestrates oral mucosal homeostasis. Proc Natl Acad Sci U S A (2019) 116(7):2652–61. doi: 10.1073/pnas.1818812116

114. Anderson, KG, Mayer-Barber, K, Sung, H, Beura, L, James, BR, Taylor, JJ, et al. Intravascular staining for discrimination of vascular and tissue leukocytes. Nat Protoc (2014) 9(1):209–22. doi: 10.1038/nprot.2014.005

115. Anderson, KG, Sung, H, Skon, CN, Lefrancois, L, Deisinger, A, Vezys, V, et al. Cutting edge: intravascular staining redefines lung CD8 T cell responses. J Immunol (2012) 189(6):2702–6. doi: 10.4049/jimmunol.1201682

116. Jiang, X, Clark, RA, Liu, L, Wagers, AJ, Fuhlbrigge, RC, and Kupper, TS. Skin infection generates non-migratory memory CD8+ T(RM) cells providing global skin immunity. Nature (2012) 483(7388):227–31. doi: 10.1038/nature10851

117. Gebhardt, T, Wakim, LM, Eidsmo, L, Reading, PC, Heath, WR, and Carbone, FR. Memory T cells in nonlymphoid tissue that provide enhanced local immunity during infection with herpes simplex virus. Nat Immunol (2009) 10(5):524–30. doi: 10.1038/ni.1718

118. Gebhardt, T, Whitney, PG, Zaid, A, Mackay, LK, Brooks, AG, Heath, WR, et al. Different patterns of peripheral migration by memory CD4+ and CD8+ T cells. Nature (2011) 477(7363):216–9. doi: 10.1038/nature10339

119. Divito, SJ, Aasebø, AT, Matos, TR, Hsieh, PC, Collin, M, Elco, CP, et al. Peripheral host T cells survive hematopoietic stem cell transplantation and promote graft-versus-host disease. J Clin Invest (2020) 130(9):4624–36. doi: 10.1172/JCI129965

120. Behr, FM, Parga-Vidal, L, Kragten, NAM, van Dam, TJP, Wesselink, TH, Sheridan, BS, et al. Tissue-resident memory CD8(+) T cells shape local and systemic secondary T cell responses. Nat Immunol (2020) 21(9):1070–81. doi: 10.1038/s41590-020-0723-4

121. Fonseca, R, Beura, LK, Quarnstrom, CF, Ghoneim, HE, Fan, Y, Zebley, CC, et al. Developmental plasticity allows outside-in immune responses by resident memory T cells. Nat Immunol (2020) 21(4):412–21. doi: 10.1038/s41590-020-0607-7

122. Strobl, J, Gail, LM, Kleissl, L, Pandey, RV, Smejkal, V, Huber, J, et al. Human resident memory T cells exit the skin and mediate systemic Th2-driven inflammation. J Exp Med (2021) 218(11). doi: 10.1084/jem.20210417

123. Sallusto, F, and Lanzavecchia, A. Heterogeneity of CD4+ memory T cells: Functional modules for tailored immunity. Eur J Immunol (2009) 39(8):2076–82. doi: 10.1002/eji.200939722

124. Brüggen, MC, Klein, I, Greinix, H, Bauer, W, Kuzmina, Z, Rabitsch, W, et al. Diverse T-cell responses characterize the different manifestations of cutaneous graft-versus-host disease. Blood (2014) 123(2):290–9. doi: 10.1182/blood-2013-07-514372

125. Ni, M, Wang, L, Ding, Y, Gong, W, Wang, S, Neuber, B, et al. Response to extracorporeal photopheresis therapy of patients with steroid-refractory/-resistant GvHD is associated with up-regulation of Th22 cells and tfh cells. Cytotherapy (2022) 24(3):311–9. doi: 10.1016/j.jcyt.2021.09.008

126. Honda, T, Otsuka, A, and Kabashima, K. Novel insights into cutaneous immune systems revealed by in vivo imaging. Allergol Int (2016) 65(3):228–34. doi: 10.1016/j.alit.2016.02.008

127. Berger, C, Hoffmann, K, Vasquez, JG, Mane, S, Lewis, J, Filler, R, et al. Rapid generation of maturationally synchronized human dendritic cells: contribution to the clinical efficacy of extracorporeal photochemotherapy. Blood (2010) 116(23):4838–47. doi: 10.1182/blood-2009-11-256040

128. Wei, BM, Hanlon, D, Khalil, D, Han, P, Tatsuno, K, Sobolev, O, et al. Extracorporeal photochemotherapy: Mechanistic insights driving recent advances and future directions. Yale J Biol Med (2020) 93(1):145–59.

129. Hanlon, D, Sobolev, O, Han, P, Ventura, A, Vassall, A, Kibbi, N, et al. Rapid production of physiologic dendritic cells (phDC) for immunotherapy. Methods Mol Biol (2020) 2097:173–95. doi: 10.1007/978-1-0716-0203-4_11

130. Marks, DI, Rockman, SP, Oziemski, MA, and Fox, RM. Mechanisms of lymphocytotoxicity induced by extracorporeal photochemotherapy for cutaneous T cell lymphoma. J Clin Invest (1990) 86(6):2080–5. doi: 10.1172/JCI114945

131. Mehta, H, Angsana, J, Bissonnette, R, Muñoz-Elías, EJ, and Sarfati, M. Inflammatory skin disorders: Monocyte-derived cells take center stage. Front Immunol (2021) 12:691806. doi: 10.3389/fimmu.2021.691806

132. Gérard, C, Thébault, M, Lamarthée, B, Genet, C, Cattin, F, Brazdova, A, et al. Human monocyte-derived suppressor cell supernatant induces immunoregulatory effects and mitigates xenoGvHD. Front Immunol (2022) 13:827712. doi: 10.3389/fimmu.2022.827712

133. Janikashvili, N, Trad, M, Gautheron, A, Samson, M, Lamarthée, B, Bonnefoy, F, et al. Human monocyte-derived suppressor cells control graft-versus-host disease by inducing regulatory forkhead box protein 3-positive CD8+ T lymphocytes. J Allergy Clin Immunol (2015) 135(6):1614–24.e4. doi: 10.1016/j.jaci.2014.12.1868

134. Janikashvili, N, Gérard, C, Thébault, M, Brazdova, A, Boibessot, C, Cladière, C, et al. Efficiency of human monocyte-derived suppressor cell-based treatment in graft-versus-host disease prevention while preserving graft-versus-leukemia effect. Oncoimmunology (2021) 10(1):1880046. doi: 10.1080/2162402X.2021.1880046

135. Wiese, F, Reinhardt-Heller, K, Volz, M, Gille, C, Köstlin, N, Billing, H, et al. Monocytes show immunoregulatory capacity on CD4+ T cells in a human in-vitro model of extracorporeal photopheresis. Clin Exp Immunol (2019) 195(3):369–80. doi: 10.1111/cei.13232

136. Flinn, AM, and Gennery, AR. Treatment of pediatric acute graft-versus-Host disease-lessons from primary immunodeficiency? Front Immunol (2017) 8:328. doi: 10.3389/fimmu.2017.00328

137. Flinn, AM, Ehrlich, A, Roberts, C, Wang, XN, Chou, J, and Gennery, AR. Thymopoiesis, alterations in dendritic cells and tregs, and reduced T cell activation in successful extracorporeal photopheresis treatment of GVHD. J Clin Immunol (2021) 41(5):1016–30. doi: 10.1007/s10875-021-00991-y

138. Bidgoli, A, DePriest, BP, Saatloo, MV, Jiang, H, Fu, D, and Paczesny, S. Current definitions and clinical implications of biomarkers in graft-versus-Host disease. Transplant Cell Ther (2022) 28(10):657–66. doi: 10.1016/j.jtct.2022.07.008

139. Wolff, D, Greinix, H, Lee, SJ, Gooley, T, Paczesny, S, Pavletic, S, et al. Biomarkers in chronic graft-versus-host disease: quo vadis? Bone Marrow Transplant (2018) 53(7):832–7.

140. Cuvelier, GDE, Li, A, Drissler, S, Kariminia, A, Abdossamadi, S, Rozmus, J, et al. “Age related differences in the biology of chronic graft-Versus-Host disease after hematopoietic stem cell transplantation”. Front Immunol (2020) 11:571884. doi: 10.3389/fimmu.2020.571884

141. Mankarious, M, Matthews, NC, Snowden, JA, and Alfred, A. Extracorporeal photopheresis (ECP) and the potential of novel biomarkers in optimizing management of acute and chronic graft vs. host disease (GvHD). Front Immunol (2020) 11:81. doi: 10.3389/fimmu.2020.00081

142. Rook, AH, Suchin, KR, Kao, DMF, Yoo, EK, Macey, WH, DeNardo, BJ, et al. Photopheresis: Clinical applications and mechanism of action. J Invest Dermatol Symposium Proc (1999) 4(1):85–90. doi: 10.1038/sj.jidsp.5640188

143. French, LE, Alcindor, T, Shapiro, M, McGinnis, KS, Margolis, DJ, Porter, D, et al. Identification of amplified clonal T cell populations in the blood of patients with chronic graft-versus-host disease: positive correlation with response to photopheresis. Bone Marrow Transplant (2002) 30(8):509–15. doi: 10.1038/sj.bmt.1703705

144. Kuzmina, Z, Greinix, HT, Knobler, R, Worel, N, Kouba, M, Weigl, R, et al. Proportions of immature CD19+CD21- b lymphocytes predict the response to extracorporeal photopheresis in patients with chronic graft-versus-host disease. Blood (2009) 114(3):744–6. doi: 10.1182/blood-2009-05-221028

145. Akhtari, M, Giver, CR, Ali, Z, Flowers, CR, Gleason, CL, Hillyer, CD, et al. Receiver operating characteristic curve analysis of circulating blood dendritic cell precursors and T cells predicts response to extracorporeal photopheresis in patients with chronic graft-versus-host disease. Transfusion (2010) 50(11):2424–31. doi: 10.1111/j.1537-2995.2010.02712.x

146. Whittle, R, and Taylor, PC. Circulating b-cell activating factor level predicts clinical response of chronic graft-versus-host disease to extracorporeal photopheresis. Blood (2011) 118(24):6446–9. doi: 10.1182/blood-2011-05-354019

147. Bertani, G, Santoleri, L, Ferri, U, Marenco, P, Grillo, G, Zucchetti, E, et al. Response of steroid-refractory chronic graft-versus-host disease to extracorporeal photopheresis correlates with the dose of CD3+ lymphocytes harvested during early treatment cycles. Transfusion (2016) 56(2):505–10. doi: 10.1111/trf.13369

148. Teruel Montoya, R, López-Godino, O, Garcia-Barbera, N, Cifuentes-Riquelme, R, Sola, M, Heras, I, et al. Identification of circulating microRNA signatures as potential noninvasive biomarkers for prediction to response to extracorporeal photoapheresis in patients with graft versus host disease. Blood (2019) 134:4466. doi: 10.1182/blood-2019-121655

149. Crocchiolo, R, Cesana, C, Girgenti, D, Bertani, G, Barba, C, Liga, G, et al. Correction to: Tregs and GvHD prevention by extracorporeal photopheresis: observations from a clinical trial. Exp Hematol Oncol (2021) 10(1):22. doi: 10.1186/s40164-021-00216-3

150. Amat, P, López-Corral, L, Goterris, R, Pérez, A, López, O, Heras, I, et al. Biomarker profile predicts clinical efficacy of extracorporeal photopheresis in steroid-resistant acute and chronic graft-vs-host disease after allogenic hematopoietic stem cell transplant. J Clin Apher (2021) 36(5):697–710. doi: 10.1002/jca.21918

151. Belizaire, R, Kim, HT, Poryanda, SJ, Mirkovic, NV, Hipolito, E, Savage, WJ, et al. Efficacy and immunologic effects of extracorporeal photopheresis plus interleukin-2 in chronic graft-versus-host disease. Blood Adv (2019) 3(7):969–79. doi: 10.1182/bloodadvances.2018029124

152. Zhu, L, Couriel, DR, and Chang, CH. The effect of extracorporeal photopheresis on T cell response in chronic graft-versus-host disease. Leuk Lymphoma (2016) 57(2):376–84. doi: 10.3109/10428194.2015.1057893

153. Bartel, DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell (2004) 116(2):281–97. doi: 10.1016/S0092-8674(04)00045-5

154. Crossland, RE, Norden, J, Ghimire, S, Juric, MK, Pearce, KF, Lendrem, C, et al. Profiling tissue and biofluid miR-155-5p, miR-155*, and miR-146a-5p expression in graft vs. host disease. Front Immunol (2021) 12. doi: 10.3389/fimmu.2021.639171

155. Crossland, RE, Norden, J, Juric, MK, Green, K, Pearce, KF, Lendrem, C, et al. Expression of serum microRNAs is altered during acute graft-versus-Host disease. Front Immunol (2017) 8. doi: 10.3389/fimmu.2017.00308

156. Crossland, RE, Norden, J, Kralj Juric, M, Pearce, KF, Lendrem, C, Bibby, LA, et al. Serum and extracellular vesicle MicroRNAs miR-423, miR-199, and miR-93* as biomarkers for acute graft-versus-Host disease. Front Immunol (2017) 8. doi: 10.3389/fimmu.2017.01446

157. McGirt, LY, Baerenwald, DA, Vonderheid, EC, and Eischen, CM. Early changes in miRNA expression are predictive of response to extracorporeal photopheresis in cutaneous T-cell lymphoma. J Eur Acad Dermatol Venereol (2015) 29(11):2269–71. doi: 10.1111/jdv.12571



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Bojanic, Worel, Pacini, Stary, Piekarska, Flinn, Schell, Gennery, Knobler, Lacerda, Greinix, Pulanic and Crossland. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Extracorporeal photopheresis as an immunomodulatory treatment modality for chronic GvHD and the importance of emerging biomarkers

      

        		

          Introduction

        



        		

          Techniques and considerations for performing ECP

        

          		

            Overview of the ECP procedure

          



          		

            Techniques for performing ECP

          



          		

            Considerations before commencing ECP therapy

          



          		

            Contraindications to ECP

          



          		

            Quality assessment of ECP product

          



          		

            Side-effects of ECP

          



          		

            Challenges, advantages, and disadvantages of ECP techniques

          



        



        



        		

          Immunological mechanisms of ECP action

        

          		

            Organ response to ECP and impact on systemic immunosuppression

          



          		

            Use of ECP for steroid refractory cGvHD

          



          		

            The interface between ECP and regulatory T cells in the context of cGvHD

          



          		

            Immunomodulatory effects of ECP on circulating vstissue-resident immune cells in GvHD

          



          		

            Naive T-cells/TRECs in ECP treated paediatric patients

          



        



        



        		

          Current biomarker studies for ECP response in cGvHD

        

          		

            Clonal T cells

          



          		

            B lymphocytes

          



          		

            Plasma B-cell activating factor

          



          		

            T cells and dendritic cells

          



          		

            Regulatory T cells

          



          		

            MicroRNAs

          



        



        



        		

          Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1086006-g001.jpg
hid
;J

UVA Irradiation 8-Methoxypsoralen
Photoactivation 8-MOP treatment

STEP'3

Infusion of treated cells
back to the patient

Buffy coat
. Neutrophils

. Eosinophils

. Basophils

. Monocytes

. Lymphocytes
. Platelets

Plasma
. Water
. Proteins

. Nutrients & metabolic waste

*  Electrolytes

Automated cell separator

Red blood cells & plasma
returned to the patient






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Principle

Apheresis technique

Closed single unit system

Continuous or discontinuous flow

Open system with a separate
device for each step

Continuous flow

Venous access

Single or double

Double

Inlet flow (mL/min) 15-30 mL/min 30-60 mL/min
Anticoagulant Heparin or Citrate Citrate
Number of collected cells Low High

Higher collection efficiency of lymphocytes
Breach of sterility No Yes: in 2nd step during dilution with

saline and addition of psoralen

Clean room required No Yes
Quality control of irradiated cells No Yes: microbiological, haematologic,

Issues

Duration

Cost of photopheresis procedural kit

90-120 min

immunologic testing

Centre must be certified for processing cell therapies
Cost of use of clean room
Risk of microbiological contamination
Risk of infusion of irradiated cells to wrong patient

240 min






OEBPS/Images/table4.jpg
Study

French
et al, 2002
(143)

Kuzmina
et al,, 2009
(144)

Akhtari et
al, 2010
(145)

Whittle
and Taylor
2011 (146)

Bertani
et al, 2016
(147)

Montoya
etal, 2019
(148)

Crocchiolo
et al, 2021
(149)

Lopes
etal, 2020
(83)

Cohort

27 pts.
(extensive
c¢GVHD n=17,
no cGVHD
n=10)

49 pts. (with
moderate n=25

or severe n=4
<GVHD)

25 pts.

46 pts.

15 pts

10 pts. (n=31
cGvHD, n=14
aGvHD)

12 pts

6 pts

Biomarker

Clonal T cells,
TCRy

Immature
CD19*CD21
B

lymphocytes

Myeloid DC,
plasmacytoid
DC, CD4+,
CD8+

BAFF (B-cell
activating
factor)

CD3+

miR34a-5p,
miR-148a-3p

Regulatory T
cells (Treg)

Regulatory T
cells (Treg)

Findings

Increased circulating clonal T cells showed
greater chance of response to ECP

Significantly higher proportions of immature
CD19°CD21" cells prior to ECP in pts. With no
response to ECP after 6 months

higher baseline circulating DCs and T cells in
ECP responders

Lower BAFF levels after 1 month of ECP
predicted better response at 3 and 6 months

CD3+ numbers in first three months of ECP
correlated with subsequent clinical response

Increased expression in GvHD pts prior to ECP
compared to controls, decreased levels with ECP
therapy.

Patients that further developed cGvHD (n=5)
had fewer circulating Treg counts during the 1*
month after prophylactic ECP than those who
didn’t develop GVHD (7)

ECP responders had higher levels of circulating
Tregs, most noticeable when ECP was continued
for long periods (5-8 years)

Rational

Clinical responsiveness to ECP in CTCL has been shown to be
dependent on the presence of detectable circulating clonal T cells in
the peripheral blood

Role of B lymphocytes in autoimmune diseases, and a role in the
pathogenesis of cGVHD

Investigate an in vivo effect of ECP on numbers of circulating DCs
and T cells in patients with cGvHD

BAFF influences immature B-cell survival and promotes production
of autoantibodies. Excess BAFF may contribute to cGvHD by
protecting alloreactive/autoreactive clones from apoptosis. Elevated
BAFF levels correlate with cGvHD activity

The number of lymphocytes collected and reinfused during ECP
treatment might be associated with response to treatment

Combined microRNA expression may act as circulatory biomarker for
ECP response

Immunomodulation mediated by ECP influences Treg cells

B cell activating factor; cGvHD, Chronic graft-versus-host disease; CT'CL, Cutaneous T cell lymphoma; ECP, Extracorporeal photopheresis.





OEBPS/Images/table3.jpg
Trial Design

Treatment

ORR%/CR
%

Other Results

Flowers et al.,
2008 (6)
(n=95; 48 vs 47)

Greinix et al.,
2011 (37)
(n=29)

Foss et al,, 2005
(46)
(n=25)

Dignan et al.,
2014 (47)
(n=27)

Del Fante et al.,
2012 (40)
(n=102)

Jagasia et al., 2009
(48)
(n=64)

Dignan et al.,
2012 (49)
(n=82)

Couriel et al.,
2006 (50)
(n=71)

Nygaard et al.,
2019 (51)
(n=54)

Apisarnthanarax
etal,, 2003 (52)
(n=32)

Ussowicz et al.,
2013 (53)
(n=13)

Sakellari et al.,
2018 (8)
(n=88)

Gandelman js
et al., 2018 (43)
(n=77)

Greinix et al.,
2006 (54)
(n=47)

Prospective,
randomised,
multicentre

Prospective,
crossover,
multicentre

Prospective,
single centre

Prospective,
single centre

Retrospective,
single centre

Retrospective,
single centre

Retrospective,
single centre

Retrospective,
single centre

Retrospective,
single centre

Retrospective,
single centre

Retrospective,
single centre

Prospective,
single centre

Prospective,
multicentre

Retrospective,
single centre

ECP + CS+/-
other IS vs CS+/-
other IS

ECP + CS +/-
other IS

ECP + CS + other
IS

ECP +/- CS +/-
other IS

ECP +/- CS +/-
other IS

ECP +/- CS +/-
other IS

ECP +CS +/-
other IS

ECP + CS +/-
other IS

ECP +/- CS +/-
other IS

ECP +/- CS +/-
other IS

ECP +/- CS +/-
other IS

ECP + CS

ECP +CS +/-
other IS

ECP +CS +/-
other IS

40 vs 10 at
w12 in skin
(p=0.002)

31 at w24 in

skin

64/na

70/7.4

80.5/15.7

58/11

79/na

61/20

63/2

56/22

69/na

73/40

62/14

83/na

ORR in eye 30% vs 7% (p = 0-04) and mouth 53% vs 27% (p = 0-06); median % improvement
of TSS at week 12 14:5% vs 8:5%, at week 24 31-4% in the ECP arm. 250% reduction in the CS
dose in 17% of patients

ORR in liver 50%, mouth 70% and joints 36%; median % improvement of TSS at week 24
25:8%. 250% reduction in the CS dose in 33%

ORR in skin 80%, mouth 46%, joints 50%, lung 1 patient 50% improvement in DLCO, GI
33%, ocular 60%; CS sparing or IS discontinuation 80% (CS 44%)

ORR in lichenoid skin 72%, sclerodermatoid disease 80%, mouth 36%, ocular 54%; CS
reduction 89.5% (17/19) including 26% CS discontinuation

In 9/16 CR patients IS was discontinued: the median prednisone change from baseline -77.6%
(mg/kg)

decrease in CS doses (mean dose pre-ECP, 0.52 mg/kg versus 0.37 mg/kg post-ECP, p=.009).

ORR in skin 92% and mouth 91% at 6 mo; 3-yr OS 69%. CS reduction 80% (40/50) including
22% CS discontinuation

ORR in skin 57%, liver 71% and mouth 78%; 1-yr OS 53%; response to ECP and platelet
count at ECP start significantly predict NRM. CS discontinuation 27% (12/59)

decrease in CS doses (from 25 to 10 mg prednisolone median dose) and 6 patients off CS

ORR in lichenoid skin 53%, sclerodermatoid disease 59%, visceral involvement 56%. 64% CS-
sparing response rate

CS-sparing in 84.6% (discontinuation in 6, substantial reduction in 5 patients)

ORR in skin sclerosis 83%, visceral involvement 53% and lung 27%; 5-yr TRM 24%; 5-yr OS

64:5%

ORR in skin 55%; ECP responses independent of risk factors of poor outcome

CR in skin 68%, mouth 81% and liver 68%

ECP, Extracorporeal photopheresis; ORR, Overall response rate; CR, Complete response rate; CS, Corticosteroids; OS, Overall survival; TRM, Transplant related mortality; Pts, Patients; Mo, Months;
HR, Hazard ratio; SR, Steroid-refractory; cGvHD, Chronic graft-versus-host disease; NRM, Non-relapse mortality; FFTF, Freedom from treatment failure; GI, Gastrointestinal; yr, Year; TSS, Total skin
score; IS, Immunosuppressants; w, Week.
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Total cell count 83%
Haematocrit 76%
Lymphocyte count 73%
Monocyte count 61%
Bacterial culture 24%
Flow cytometric assay 12%
Apoptosis assay 10%
Evaluation of cell populations 7%
| Proliferation assays 7%
| Cytokine levels 2%






