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Background

Extracorporeal photopheresis (ECP) induces immunological changes that lead to a reduced risk of transplant rejection. The aim of the present study was to determine optimum conditions for ECP treatment by analyzing a variety of tolerance-inducing immune cells to optimize the treatment.



Methods

Ten ECP treatments were applied to each of 17 heart-transplant patients from month 3 to month 9 post-HTx. Blood samples were taken at baseline, three times during treatment, and four months after the last ECP treatment. The abundance of subsets of tolerance-inducing regulatory T cells (Tregs) and dendritic cells (DCs) in the samples was determined by flow cytometry. A multivariate statistical model describing the immunological status of rejection-free heart transplanted patients was used to visualize the patient-specific immunological improvement induced by ECP.



Results

All BDCA+ DC subsets (BDCA1+ DCs: p < 0.01, BDCA2+ DCs: p < 0.01, BDCA3+ DCs: p < 0.01, BDCA4+ DCs: p < 0.01) as well as total Tregs (p < 0.01) and CD39+ Tregs (p < 0.01) increased during ECP treatment, while CD62L+ Tregs decreased (p < 0.01). The cell surface expression level of BDCA1 (p < 0.01) and BDCA4 (p < 0.01) on DCs as well as of CD120b (p < 0.01) on Tregs increased during the study period, while CD62L expression on Tregs decreased significantly (p = 0.04). The cell surface expression level of BDCA2 (p = 0.47) and BDCA3 (p = 0.22) on DCs as well as of CD39 (p = 0.14) and CD147 (p = 0.08) on Tregs remained constant during the study period. A cluster analysis showed that ECP treatment led to a sustained immunological improvement.



Conclusions

We developed an immune monitoring assay for ECP treatment after heart transplantation by analyzing changes in tolerance-inducing immune cells. This assay allowed differentiation of patients who did and did not show immunological improvement. Based on these results, we propose classification criteria that may allow optimization of the duration of ECP treatment.
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Introduction

Since the first report in 1991, the American Society of Apharesis recommends extracorporeal photopheresis (ECP) for the treatment of acute cellular and recurrent rejection (ACR) as well as for rejection prophylaxis after heart transplantation (HTx) (1). Additionally, experts in the field of transplantation medicine recommend chronic ECP treatment of HTx patients with donor specific antibodies (DSA) (2). Although ECP has been used to treat an increasing number of patients in recent years, there is still no consensus about the optimal ECP therapy for any individual patient. For example, questions remain about the best time point to initiate or reintroduce ECP therapy as well as about the optimal number of ECP treatments that are required for different indications, such as ACR or antibody-mediated rejection (AMR). Thus, a reliable monitoring tool for optimizing ECP therapy is required (3).

Based on the results of our previous ECP studies, we proposed that monitoring specific immune cells during ECP treatment might provide information that could be used to optimize ECP treatments (3, 4), which has been mentioned in the updated European Dermatology Forum on the use of extracorporeal photopheresis (5). Currently, two different mechanisms of action are discussed for ECP therapy. One hypothesizes that the return of apoptotic T cells activates dendritic cells (DCs), which leads to cytokine alterations and results in an increase in regulatory T cells (Tregs) (6). The other hypothesizes that ECP presents an apoptotic stimulus that affects activated alloreactive T cells, which are preferentially processed and presented by DCs resulting in suppression of alloantigen-responding T cells (3). In particular, the effect of ECP on an increase of Tregs in HTx was studied by different research groups (7–11).

In previous studies, we showed that Treg and DC subsets in HTx patients with different indications for ECP treatment, such as prophylactic treatment, ACR, or cardiac allograft rejection (CAV) responded differently to ECP (3, 4).

Thus, for the current study we proposed that analysis of the expression of DCs and Tregs in peripheral blood could be helpful in designing a monitoring tool for ECP. We validated our immune cell assays to differentiate between patients with and without immunological effects after ECP therapy. Ideally, such a monitoring tool should allow optimization of individual ECP treatment schedules and reduce or prolong ECP treatments depending on the immunological effects.



Materials and Methods


Patient Cohorts

The study cohort included 17 patients aged over 18 years who received HTx between May 2016 and January 2018 at the Department of Cardiovascular Surgery of the University Heart and Vascular Center in Hamburg, Germany. Four patients were excluded because they refused to receive ECP. In accordance with the recommendations of the ECP guidelines of both, the American Apharesis Society and the European Dermatology Forum, the patients were classified into two study groups (5, 12). The first group consists of patients who had no rejection before ECP start (prophylactic treatment) and the second group had an AMR or ACR before ECP start (rejection treatment). Therefore, patients of both study groups received ECP as chronic treatment to avoid rejection. Written informed consent was obtained from each participant before initiation of ECP (vote no. PV7246, Ärztekammer Hamburg, Germany) in accordance with the Declaration of Helsinki and the local ethical regulations. Patient demographics, disease and treatment parameters as well as their immunosuppressive regimens were documented.



Extracorporeal Photopheresis

ECP was performed using the closed inline THERAKOS CELLEX photopheresis system (Therakos Inc., West Chester, PA, USA) with a total of ten ECP treatments that were grouped to five ECP cycles. ECP treatments were conducted on two consecutive days, and ECP cycles were performed every 4-6 weeks (Figure 1). The daily ECP procedure included separation of peripheral blood mononuclear cells (PBMCs) by centrifugation of the patient’s whole blood. Following centrifugation, the remaining blood components were reinfused immediately. PBMCs were sequentially exposed to 8-methoxypsoralen (20 µg/mL) and ultraviolet A light (~1.5 J/cm2). Photoactivation time and the entire cell volume were automatically calculated using the patient’s hematocrit in the buffy coat by integrated software in the Cellex© ECP machine. After completion of the photoactivation process, PBMCs were immediately re-transfused to the patient. Blood count analysis after reinfusion of the ECP product was performed by documenting platelet and erythrocyte count, and the hemoglobin and hematocrit content.




Figure 1 | Overview about the treatment regimen for extracorporeal photopheresis. ECP, extracorporeal photopheresis; HTx, heart transplantation.





Flow Cytometric Assessment

Phlebotomy was performed before each ECP cycle and a follow-up blood analysis was conducted four months after the last ECP cycle. Peripheral blood samples obtained from the patients were treated as described previously (3). Tregs were defined as CD3+/CD4+/CD25high/CD127low cells; from this population, the Treg subsets expressing CD39, CD62L, CD120b or CD147 were analyzed. Subsets of DCs were quantified by stainings using lineage cocktail-1, HLA-DR, and blood dendritic cell antigen (BDCA) 1, 2, 3 or 4. Antibodies were obtained from Becton Dickinson (BD, Heidelberg, Germany) or BioLegend (Fell, Germany). For each staining, 200 µl (Treg analysis) or 300 µl (DC analysis) of human heparinized whole blood were mixed with the appropriate antibody cocktail and incubated for 20 min at room temperature in the dark. Next, 2 ml of FACS lysing solution (BD) were added and samples were incubated for 10 min. After centrifugation at 300x g for 5 min, the supernatant was discarded and samples were washed with 4 ml phosphate-buffered saline (PBS). The supernatant was discarded after washing, and the cells were fixed with 500 µl 1% formaldehyde-PBS solution. Samples were analyzed directly using a BD LSR II Flow Cytometer and BD FACSDiva version 6.1.3 software (both BD); 10,000 events of CD3+CD4+ cells (for Treg analysis) and 500,000 vital cells (for DC analysis) were analyzed per sample. Mean fluorescence intensities (MFIs) were documented for BDCA1-4 on DCs as well as for CD39, CD62L, CD120b, and CD147 on Treg subsets.



Statistics

The patient cohort was characterized by mean (± standard deviation) for continuous and by number (percent) for categorical variables. Time-dependent changes of cellular parameters were analyzed by the generalized linear model for repeated measurements. A simple contrast was used, and the first measurement (pre ECP) was set as the reference. Tests were performed two-sided at 5% significance level. All analyses were done using Intel SPSS Statistics version 23 (IBM Corp. 1989, 2011).

We combined immune markers that are involved in tolerance induction after ECP to describe the patient’s immune transplant tolerance phenotype. The immune phenotype is defined as the percentage of tolerance-inducing immune cells and is called immunological profile. A valid statistical tool to perform this systemic analysis of immune profiles is the hierarchical clustering which has been performed in previous clinical studies for comparable analyses (12, 13). Hierarchical cluster analysis using the ClustVis software (Bioinformatics, Algorithms and Data Mining Group, University of Tartu, Estonia) was performed for every ECP-treated patient in combination with the dataset described in the recent work of Klaeske et al. (13) Five flow cytometric parameters of DCs (% total DCs/PBMCs, % BDCA1+ DCs/total DCs, % BDCA2+ DCs/total DCs, % BDCA3+ DCs/total DCs and % BDCA4+ DCs/total DCs) and six parameters of Tregs (% CD4+ T cells/total T cells, % Tregs/CD4+ T cells, % CD39+ Tregs/total Tregs, % CD62L+ Tregs/total Tregs, % CD120b+ Tregs/total Tregs and % CD147+ Tregs/total Tregs) were included in the cluster analysis. The hierarchical cluster analysis leads to the pattern recognition of a tolerance-inducing phenotype and displays the distance connectivity of the immunological profile for every measurement of an ECP-treated patient. As a result, it is possible to monitor whether an ECP-treated HTx patient develops a tolerance-promoting immunological phenotype. This tool could be helpful for clinicians to monitor, to shorten or prolong the ECP schedule for patients depending on the immunological profile. Patient-specific results could be available 4-5 hours following blood withdrawal.



Classification of Immunological Effects Induced by ECP

A classification system for the objective evaluation of immunological effects induced by ECP was established. The hierarchical cluster analysis of the dataset reported by Klaeske et al. (14) formed two clusters. The first cluster included 75% long-term HTx patients and the second cluster included 67% pre-HTx patients (Supplementary Figure 1). It can be assumed that stable long-term transplanted patients who never suffered from transplant rejection received an optimal immunosuppression and have an immune phenotype promoting transplant tolerance. Klaeske et al. used hierarchical clustering and principle component analyses to show that this immune phenotype of long-term HTx patients differed from that of pre-HTx patients (14). A hierarchical cluster analysis including the dataset of the previous study from Klaeske et al. and measurements of an ECP-treated patient will allow to evaluate if the immune phenotype of the ECP-treated patients changes to the transplant tolerance immune phenotype during ECP treatment by changes of the position in the heat map of the cluster analysis towards the cluster consisting of long-term HTx patients. The patient-specific reference point in the heat map was the measurement prior to ECP treatment. Every subsequent immunological measurement during and after ECP produced a new point in the heat map. An immunological improvement existed if the measurement shifted toward the cluster containing the majority of long-term HTx-patients. Thus, patients were classified into five categories according to the time point of immunological improvement during ECP (category A: improvement after the 1st ECP cycle, category B: improvement after the 3rd ECP cycle, category C: improvement after the 5th ECP cycle, category D: improvement after the 5th ECP cycle, but declining in the follow-up period, category E: no improvement).




Results


ECP Performance and Blood Monitoring

The study cohort consisted of n = 17 HTX patients (11 male, 6 female) with a mean age of 48.8 ± 10.8 years and a mean body mass index of 25.7 ± 5.8 kg/m2). The etiology for HTx was dilated cardiomyopathy (n = 11), ischemic cardiomyopathy (n = 4) or had other reasons (n = 2). All patients received a triple-drug immunosuppressive regimen at study begin, whereas n = 10 patients received tacrolimus/everolimus/steroids, n = 4 patients received tacrolimus/mycophenolic acid/steroids and n = 3 patients received everolimus/mycophenolic acid/steroids. The indication for ECP treatment was an existing ACR or AMR (n = 6), and a prophylactic treatment (n = 11). ECP treatment was performed according to the manufacturer’s instruction and was accompanied by blood cell counts of erythrocytes and platelets as well as the hematocrit and hemoglobin content as quality control metrics. Platelet count (p = 0.24), erythrocyte count (p = 0.57), hemoglobin content (p = 0.92), and hematocrit (p = 0.81) did not change significantly during ECP or the follow-up period (Table 1). However, the hemoglobin content of the ECP-treated patients was below the hemoglobin reference value (men: 13.5 ± 17.5 g/dL, women: 12.0 ± 15.5 g/dL). In two patients with prophylactic ECP treatment, ACR episodes occurred during ECP treatment. One patient (female, 34 years old) had a higher immunological risk due to two pregnancies and chronic left ventricular assist device therapy before HTx. She got an ACR of a histological grade 3R (ISHLT 2004). The other patient (male, 63 years old) suffered from an early cytomegalovirus infection in the first month post-HTx and got an ACR of histological grade 2R (ISHLT 2004). The ACRs were without hemodynamic compromise, and, therefore, both patients were treated with methylprednisolone (total of 3000 mg) in addition to ECP as well as with an increase of both the tacrolimus and everolimus exposure at time of diagnosis of rejection (month 2 and month 3 after ECP start, respectively). Both patients completed the scheduled ECP treatments. At the end of the study the female patient had a grade 1R ACR and the male patient had no ACR.


Table 1 | Blood parameters of patients treated with extracorporeal photopheresis.





Dendritic Cell Analysis

While the percentage of total DCs on PBMCs did not change significantly during ECP (p = 0.24; Figure 2A), differential consideration showed that all BDCA+ DC subsets increased during ECP treatment (BDCA1+ DCs: p < 0.01, BDCA2+ DCs: p < 0.01, BDCA3+ DCs: p < 0.01, BDCA4+ DCs: p < 0.01), but decreased to values observed prior to ECP in the follow-up period (BDCA1+: pre-ECP 43.0 ± 12.6%, ECP follow-up 43.7 ± 9.1%; BDCA2+: pre-ECP 20.5 ± 8.6%, ECP follow-up 23.9 ± 6.3%; BDCA3+: pre-ECP 76.2 ± 7.1%, ECP follow-up 75.6 ± 13.1%; BDCA4+: pre-ECP 21.9 ± 9.3%, ECP follow-up 21.3 ± 6.3%) (Figures 2B–E).




Figure 2 | Expression of dendritic cells (A) and their subsets (B–E) in heart-transplanted patients receiving extracorporeal photopheresis. * marks significant differences (p ≤ 0.05); BDCA1/2/3/4, blood dendritic cell antigen 1/2/3/4; DCs, dendritic cells; ECP, extracorporeal photopheresis; FU, follow-up; PBMCs, peripheral blood mononuclear cells.



An increase of the surface expression level estimated by mean fluorescence intensity, was detected in the follow-up period for BDCA1 (2028 ± 389 U, p < 0.01) as well as after the third ECP cycle (22079 ± 4265 U, p < 0.01) and in the follow-up period (24212 ± 5172 U, p < 0.01) for BDCA4 (Figures 3A, D). The surface expression levels of BDCA2 (p = 0.47) and BDCA3 (p = 0.22) were unaffected (Figures 3B, C).




Figure 3 | Mean fluorescence intensities of blood dendritic cell antigens 1 (A), 2 (B), 3 (C) and 4 (D) of dendritic cells in heart-transplanted patients receiving extracorporeal photopheresis. * marks significant differences (p ≤ 0.05); BDCA1/2/3/4, blood dendritic cell antigen 1/2/3/4; ECP, extracorporeal photopheresis; FU, follow-up; MFI, mean fluorescence intensity; U, unit.



An overview about the DC analysis for ECP-treated patients with ACR or AMR as well as for patients treated prophylactically with ECP was presented in Supplementary Table 1.



Regulatory T Cell Analysis

The percentage of CD4+ T cells among total T cells decreased from 22.8 ± 7.2% prior to ECP to 16.2 ± 7.8% in the follow-up period (p < 0.01, Figure 4A), while the percentage of Tregs in the CD4+ T cell population increased from 9.9 ± 2.5% to 17.7 ± 4.2% (p < 0.01, Figure 4B). The Treg subset expressing CD39 increased within the Treg population during ECP (pre-ECP: 38.5 ± 17.4%, third ECP cycle: 54.6 ± 21.6%) and throughout the follow-up period (54.9 ± 22.9%, p < 0.01; Figure 4C). The CD62L+ Tregs decreased during ECP from 77.2 ± 12.5% prior to ECP to 56.0 ± 14.4% after the fifth ECP cycle (p < 0.01), while CD120b+ (p = 0.56) and CD147+ Tregs (p = 0.48) remained constant (Figures 4D–F). The expression of CD39 (p = 0.14) and CD147 (p = 0.08) on the surface of Tregs was unchanged during ECP treatment (Figure 5). While the surface expression of CD62L decreased during ECP (pre-ECP: 8606 ± 2617 U, third ECP cycle: 5979 ± 1452 U, fifth ECP cycle: 5459 ± 1843 U, p = 0.04), CD120b expression increased significantly at the end of the ECP treatment (pre-ECP: 1199 ± 319 U, fifth ECP cycle: 1496 ± 31 U, p < 0.01).




Figure 4 |a Expression of CD4+ T cells (A), regulatory T cells (B) and their subsets (C–F) in heart-transplanted patients receiving extracorporeal photopheresis. * marks significant differences (p ≤ 0.05); CD, cluster of differentiation; ECP, extracorporeal photopheresis; FU, follow-up; Tregs, regulatory T cells.






Figure 5 | Mean fluorescence intensities of the surface molecules CD39 (A), CD62L (B), CD120b (C) and CD147 (D) of regulatory T cell subsets in heart-transplanted patients receiving extracorporeal photopheresis. * marks significant differences (p ≤ 0.05); CD, cluster of differentiation; ECP, extracorporeal photopheresis; FU, follow-up; MFI, mean fluorescence intensity; U, unit.



An overview about the Treg cell analysis for ECP-treated patients with ACR or AMR as well as for patients treated prophylactically with ECP was presented in Supplementary Table 2.



Grouping According to Immunological Profiles

To monitor the patient-specific success of ECP treatment, monitoring data from each ECP-treated patient were combined with a dataset generated by a previous study comprising pre-HTx and long-term HTx patients and were evaluated by cluster analysis. The individual immunological improvement of the ECP treatment was classified according to the time-point of immunological upgrade towards the long-term HTx configuration of tolerance-inducing cell subsets. Exemplary classifications are shown in Supplementary Figures 1–3.

The patient-specific cluster analyses identified immunological improvement for six patients in the category A, four patients in the category B, and three patients in the category C. For these 13 HTx patients (72%), ECP treatment led to an immunological improvement during ECP and throughout the follow-up period. Ten of the 17 ECP-treated patients (56%) were classified into category A or B and showed an immunological improvement in the latest after three ECP cycles. For the patients in category D (n = 4) and E (n = 1), the immunological efficacy of ECP treatment is questionable. However, clinical outcome measurements were not included in the current study.




Discussion

The Guidelines on the Use of Therapeutic Apheresis in Clinical Practice stated that ECP treatments after HTx should be continued until stabilization of symptoms or improvement of cardiac function, biopsy findings or donor-specific antibody levels (15). Although these goals are of paramount interest, the duration of ECP therapy required differs from individual to individual and from indication to indication. Thus, the purpose of our study was to develop a classification system based on the immunological effects of ECP to support clinical decisions regarding the optimal number of ECP treatments for HTx patients. However, a proof-of-concept was not part of the present study.

Overall, the clinical efficacy of ECP therapy in this study was high and in line with published data from the landmark trial of Barr et al. who showed a significant reduction of rejection episodes in patients treated with ECP as compared to the control patients (16). Our results show that monitoring DC and Tregs expression in peripheral blood might qualify to analyze patient-specific ECP effects. Furthermore, we combined this immune cell monitoring with a multivariate analysis of ECP-induced effects. The basis of this analysis was a multiparametric setting of immune cell subsets involved in tolerance induction. To present the multidimensionality of the immune system, we analyzed eleven parameters and, amended the statistical model accordingly; we also performed cluster analysis with a hierarchical clustering algorithm; data preprocessing and modification was avoided. This statistical method is useful for unusual similarity measures and extracts useful information from larger datasets with many groups (17).

The ECP-induced increase of Tregs (4, 7–10, 18) and pDCs (4, 19) has been demonstrated in several studies of heart and lung transplant patients as well as of patients suffering from graft-versus-host disease. Previous work from our group showed that it is possible to differentiate between ECP-treated patients with a “positive ECP immunological effect” and “no ECP effect” (4). The present study refined those observations, including a more detailed cell subset analysis and a more eligible statistical methodology to handle a multivariate dataset.

All BDCA+ subsets of DCs increased during ECP, but only the percentage of BDCA2+ DCs remained high after ECP. Furthermore, an increased surface expression for BDCA1+ and BDCA4+ DCs was induced by ECP and was detected by analysis of the MFIs. BDCA2 is a pDC-specific transmembrane lectin that inhibits induction of interferon-α/β, thereby preventing a Th1-type immune response (20). Thus, it can be hypothesized that one mechanism of action of ECP treatment is the suppression of Th1-type immune responses via inhibition of interferon-α/β by pDCs. This example clearly demonstrates that immunological monitoring can help to further clarify the mechanism of action of ECP and could uncover unknown cellular effects.

In contrast to difficulties in interpreting increased surface expression of BDCA1 in the context of tolerance induction, the increase of BDCA4 expression in DCs is an observation of great interest. It has been reported that BDCA4, also known as neuropilin-1, can be transferred from DCs to T cells via trogocytosis (21), and, therefore, could be detected in natural Tregs with a proven suppressive function (22). Thus, the increase of BDCA4 expression during and after ECP treatment detected in our study could be associated with the induction of tolerance in ECP treated patients. This hypothesis is reinforced by the findings of a murine transplantation study that indicated a suppressive role of CD4+/BDCA4+ T cells (23). Furthermore, a reduction of BDCA4+ cells in kidney transplant biopsies was observed during acute rejection compared to those in non-rejecting individuals (24).

Besides the ECP-induced changes in DC subsets, the composition of Treg subsets exhibited substantial modifications during and after ECP treatment. The measured effects documented in earlier reports of ECP treatment were limited to the increase of the total Treg population and the highly suppressive CD39+ Treg subset (4, 25). Our data are consistent with these reports, and once again showed that ECP induced an increase of Tregs and the CD39+ Treg subsets within the first three ECP cycles (= six ECP treatments) of our ECP treatment schedule. We also showed that additional ECP treatment, up to ten cycles, reduced the percentage of CD62L+ Tregs compared to those observed in our previous results in which three ECP cycles (= six ECP treatments) did not show a reduction of CD62L+ Tregs (4). The CD62L expression of Tregs has been associated with optimal suppressive function of these cells (26, 27). Although CD62L+ and CD62L- Tregs have been shown to be equally anergic and suppressive upon in vitro stimulation, only the CD62L+ Tregs protect against lethal acute graft-versus-host disease after bone marrow transplantation (27, 28). The reduction in the fraction of CD62L+ Tregs after the fifth ECP cycle and the reduced CD62L surface expression indicates that Tregs shifted from central memory to an activation state (26, 28). Several animal studies have documented that the loss of CD62L expression leads to a reduction in the protective properties of Tregs (26, 27, 29). Therefore, we concluded that the number of ECP cycles could be reduced to six treatments, because the loss of CD62L only appears after six treatments.

To evaluate the patient-specific benefit of ECP treatment, we defined classification criteria to calculate the individual immunological improvement. In our study cohort, 72% of the patients responded to five ECP cycles (= ten ECP treatments) according to our immunological profiling of the stimulation of tolerance-inducing cell subsets. However, ECP-induced effects were not detectable with our immunological profile in 28% of our patients. We hypothesized that the immunological changes would not be substantial enough to induce a clinical benefit in these patients. Furthermore, 56% of the ECP-treated patients showed an immunological improvement after no more than three ECP cycles. For these patients a less intense ECP regimen seems to be adequate.

There are several limitations to the current study. First, this is a descriptive study design that bears to risk for biases and a lack of variability of statistical results. Second, the ECP product was not investigated. About 30% of the centers who treat HTx patients with ECP perform quality controls such as measurement of hematocrit, lymphocyte count, monocyte count etc. (information received from Therakos Inc.). Further analyses are not recommended or performed in centers that treat HTx patients with ECP, but identification of laboratory parameters to qualify the ECP product is recommended (30). Third, we investigated ECP effects using the closed, inline THERAKOS CELLEX photopheresis system. Several closed and open offline systems exist, that may have different technical capacities (31). Therefore, ECP products may differ with regard to cellular composition, total cell numbers, apoptotic cell content, the presence of psoralen photoadducts and excipients (32, 33).

In summary, our study described the changes of tolerance-inducing cell subsets during and after ECP treatment of HTx-patients. Compared to that in previous studies, the DC subsets were analyzed in detail, which revealed an important role in tolerance induction following HTx. The established monitoring tool can distinguish between patients who developed an immunological effect to ECP and patients that did not. Furthermore, we developed classification criteria that may allow identifying patients that would benefit from a reduction or an extension of the number of ECP cycles. Monitoring results including analysis could be available within 4-5 hours following blood withdrawal.

This tool could be helpful for clinicians to monitor ECP treatment for shortening or prolonging the ECP schedule for patients depending on their immunological profile. It is recommended to create a center-specific non-ECP-treated control group dataset consisting of long-term, rejection-free HTx patients and pre-HTx patients to work with a center-specific database for hierarchical clustering. Further, a multicenter study for ECP treatment in HTx patients will be helpful to prove our monitoring tool in the clinical routine.



Data Availability Statement

The raw data of the flow cytometric measurements and immunological profile grouping supporting the conclusions of this article will be made available by the authors. Patient-specific data can not be transferred to the journal due to reasons of protection of personal data.



Ethics Statement

The studies involving human participants were reviewed and approved by Ärztekammer Hamburg KdÖR, Hamburg, Germany. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

Conceptualization: M-TD, MJB, and HR. Methodology: M-TD, KK, FA, MJB, and SK. Validation: MJB, AB, and FA. Formal analysis: M-TD, KK, SK, and SL. Investigation: M-TD and KK. Resources: MJB, FA, and MAB. Data curation: MJB, AB, KK, and SK. Writing—original draft preparation: M-TD and KK. Writing—review and editing: MJB, AB, FA, HR, MAB, SK, and SL. Visualization: M-TD and KK. Supervision: M-TD and MJB. Project administration: M-TD and MJB. All authors contributed to the article and approved the submitted version.



Acknowledgments

We thank Mrs. Jessica Wittke for her excellent technical support.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.676175/full#supplementary-material



References

1. Barten, MJ, and Dieterlen, MT. Extracorporeal Photopheresis After Heart Transplantation. Immunotherapy (2014) 6:927–44. doi: 10.2217/imt.14.69

2. Barten, MJ, Schulz, U, Beiras-Fernandez, A, Berchtold-Herz, M, Boeken, U, Garbade, J, et al. The Clinical Impact of Donor-Specific Antibodies in Heart Transplantation. Transplant Rev (Orlando) (2018) 32:207–17. doi: 10.1016/j.trre.2018.05.002

3. Dieterlen, MT, Garbade, J, Misfeld, M, Lehmann, S, Klaeske, K, Borger, MA, et al. Indication-Specific Immunomodulatory Effects of Extracorporeal Photopheresis: A Pilot Study in Heart Transplanted Patients. J Clin Apher (2018) 33:591–9. doi: 10.1002/jca.21647

4. Dieterlen, MT, Bittner, HB, Pierzchalski, A, Dhein, S, Mohr, FW, and Barten, MJ. Immunological Monitoring of Extracorporeal Photopheresis After Heart Transplantation. Clin Exp Immunol (2013) 176:120–8. doi: 10.1111/cei.12254

5. 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 2. J Eur Acad Dermatol Venereol (2021) 35:27–49. doi: 10.1111/jdv.16889

6. Capuano, M, Sommese, L, Pignalosa, O, Parente, D, Fabbricini, R, Nicoletti, GF, et al. Current Clinical Applications of Extracorporeal Photochemotherapy. Ther Apher Dial (2015) 19:103–10. doi: 10.1111/1744-9987.12245

7. 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) 84:31–9. doi: 10.1097/01.tp.0000267785.52567.9c

8. 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) 79:846–50. doi: 10.1097/01.TP.0000157278.02848.C7

9. 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) 83:1393–6. doi: 10.1097/01.tp.0000261635.30578.d8

10. 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) 39:213–7. doi: 10.1016/j.transproceed.2006.10.227

11. George, JF, Gooden, CW, Guo, L, and Kirklin, JK. Role for CD4(+)CD25(+) T Cells in Inhibition of Graft Rejection by Extracorporeal Photopheresis. J Heart Lung Transplant (2008) 27:616–22. doi: 10.1016/j.healun.2008.02.015

12. Hoffmann, J, Fišer, K, Liebetrau, C, Staubach, N, Kost, D, Voss, S, et al. High-Content Immunophenotyping and Hierarchical Clustering Reveal Sources of Heterogeneity and New Surface Markers of Human Blood Monocyte Subsets. Thromb Haemost (2020) 120:141–55. doi: 10.1055/s-0039-1700871

13. Gustafson, MP, Lin, Y, LaPlant, B, Liwski, CJ, Maas, ML, League, SC, et al. Immune Monitoring Using the Predictive Power of Immune Profiles. J Immunother Cancer (2013) 1:7. doi: 10.1186/2051-1426-1-7

14. Klaeske, K, Lehmann, S, Büttner, P, Palitzsch, R, Fischer, J, Jawad, K, et al. Identification of the Immunological Profile in Rejection-Free Heart Transplantation. Transpl Immunol (2019) 59:101259. doi: 10.1016/j.trim.2019.101259

15. Padmanabhan, A, Connelly-Smith, L, Aqui, N, Balogun, RA, Klingel, R, Meyer, E, et al. Guidelines on the Use of Therapeutic Apheresis in Clinical Practice - Evidence-Based Approach From the Writing Committee of the American Society for Apheresis: The Eighth Special Issue. J Clin Apher (2019) 34:171–354. doi: 10.1002/jca.21705

16. Barr, ML, Meiser, BM, Eisen, HJ, Roberts, FR, Livi, U, Dall ‘Amico, R, et al. Photopheresis for the Prevention of Rejection in Cardiac Transplantation. Photopheresis Transplantation Study Group. N Engl J Med (1998) 339:1744–51. doi: 10.1056/NEJM199812103392404

17. Beyrend, G, Stam, K, Höllt, T, Ossendorp, F, and Arens, R. Cytofast: A Workflow for Visual and Quantitative Analysis of Flow and Mass Cytometry Data to Discover Immune Signatures and Correlations. Comput Struct Biotechnol J (2018) 16:435–42. doi: 10.1016/j.csbj.2018.10.004

18. Tsirigotis, P, Kapsimalli, V, Baltadakis, I, Kaloyannidis, P, Karakasis, D, Papalexandri, A, et al. Extracorporeal Photopheresis in Refractory Chronic Graft-Versus-Host Disease: The Influence on Peripheral Blood T Cell Subpopulations. A Study by the Hellenic Association of Hematology. Transfus Apher Sci (2012) 46:181–8. doi: 10.1016/j.transci.2011.10.028

19. Shiue, LH, Alousi, AM, Wei, C, Hosing, CM, Duvic, M, and Ni, X. Augmentation of Blood Dendritic Cells by Extracorporeal Photopheresis in Patients With Leukemic Cutaneous T-Cell Lymphoma and Graft-Versus-Host Disease. J Invest Dermatol (2013) 133:2098–100. doi: 10.1038/jid.2013.142

20. Dzionek, A, Sohma, Y, Nagafune, J, Cella, M, Colonna, M, Facchetti, F, et al. BDCA-2, a Novel Plasmacytoid Dendritic Cell-Specific Type II C-Type Lectin, Mediates Antigen Capture and is a Potent Inhibitor of Interferon Alpha/Beta Induction. J Exp Med (2001) 194:1823–34. doi: 10.1084/jem.194.12.1823

21. Corbel, C, Lemarchandel, V, Thomas-Vaslin, V, Pelus, AS, Agboton, C, and Roméo, PH. Neuropilin 1 and CD25 Co-Regulation During Early Murine Thymic Differentiation. Dev Comp Immunol (2007) 31:1082–94. doi: 10.1016/j.dci.2007.01.009

22. Yadav, M, Louvet, C, Davini, D, Gardner, JM, Martinez-Llordella, M, Bailey-Bucktrout, S, et al. Neuropilin-1 Distinguishes Natural and Inducible Regulatory T Cells Among Regulatory T Cell Subsets In Vivo. J Exp Med (2012) 209:1713–22, S1-19. doi: 10.1084/jem.20120822

23. Yuan, Q, Hong, S, Shi, B, Kers, J, Li, Z, Pei, X, et al. CD4(+)CD25(-)Nrp1(+) T Cells Synergize With Rapamycin to Prevent Murine Cardiac Allorejection in Immunocompetent Recipients. PloS One (2013) 8:e61151. doi: 10.1371/journal.pone.0061151

24. Zhou, H, Zhang, L, Tong, L, Cai, M, Guo, H, Yang, C, et al. Expression of Neuropilin-1 in Kidney Graft Biopsies: What is the Significance? Transplant Proc (2007) 39:81–3. doi: 10.1016/j.transproceed.2006.10.221

25. 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) 88:411–6. doi: 10.1097/TP.0b013e3181aed927

26. Fu, S, Yopp, AC, Mao, X, Chen, D, Zhang, N, Chen, D, et al. CD4+ CD25+ CD62+ T-Regulatory Cell Subset has Optimal Suppressive and Proliferative Potential. Am J Transplant (2004) 4:65–78. doi: 10.1046/j.1600-6143.2003.00293.x

27. Ermann, J, Hoffmann, P, Edinger, M, Dutt, S, Blankenberg, FG, Higgins, JP, et al. Only the CD62L+ Subpopulation of CD4+CD25+ Regulatory T Cells Protects From Lethal Acute GVHD. Blood (2005) 105:2220–6. doi: 10.1182/blood-2004-05-2044

28. Lu, SY, Liu, KY, Liu, DH, Xu, LP, and Huang, XJ. High Frequencies of CD62L⁺ Naive Regulatory T Cells in Allografts are Associated With a Low Risk of Acute Graft-Versus-Host Disease Following Unmanipulated Allogeneic Haematopoietic Stem Cell Transplantation. Clin Exp Immunol (2011) 165:264–77. doi: 10.1111/j.1365-2249.2011.04418.x

29. Florek, M, Schneidawind, D, Pierini, A, Baker, J, Armstrong, R, Pan, Y, et al. Freeze and Thaw of CD4+CD25+Foxp3+ Regulatory T Cells Results in Loss of CD62L Expression and a Reduced Capacity to Protect Against Graft-Versus-Host Disease. PloS One (2015) 10:e0145763. doi: 10.1371/journal.pone.0145763

30. 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) 32:215–23. doi: 10.1002/jca.21486

31. Ahrens, N, Geissler, EK, Witt, V, Berneburg, M, Wolff, D, Hirt, SW, et al. European Reflections on New Indications for Extracorporeal Photopheresis in Solid Organ Transplantation. Transplantation (2018) 102:1279–83. doi: 10.1097/TP.0000000000002244

32. Del Fante, C, Scudeller, L, Viarengo, G, Cervio, M, and Perotti, C. Mononuclear Cell Collection for Extracorporeal Photochemotherapy: A Study Comparing an Automatic and a Semiautomatic Apheresis Device. Transfusion (2013) 53:2027–33. doi: 10.1111/trf.12065

33. Del Fante, C, Scudeller, L, Martinasso, A, Viarengo, G, and Perotti, C. Comparison of Two Automated Mononuclear Cell Collection Systems in Patients Undergoing Extracorporeal Photopheresis: A Prospective Crossover Equivalence Study. Transfusion (2016) 56:2078–84. doi: 10.1111/trf.13672




Conflict of Interest: FA declared the following conflict of interest: Therakos: Honoraria, Research funding. MJB declared the following conflict of interest: Therakos: Honoraria.

The remaining 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.


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 © 2021 Dieterlen, Klaeske, Bernhardt, Borger, Klein, Garbade, Lehmann, Ayuk, Reichenspurner and Barten. 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/Images/fimmu-12-676175-g004.jpg
A B *

o 100 3 *

3 8

8 2

g 8 2

S_w s

255 g H

8 H B S

ol H H

T B T pan g

F3 t H H 2

o o0 T + T T T o T T T T T

pre ECP 1stECP 3d ECP SthECP ECP ProECP 1StECP I ECP ShECP ECP

ode oy cyde  FU ode cyde cyde  FU

c * D
*

@ 100 8, 100°

)

I3 ) 8

) . . * S ow

] . ]

o 3 3

2 _ 60 : . S

aR . . 2

401 s T : . .? ol C & . .

5 . H : +

$ 3 : 3 o :

8 ) s . 8

a s . - <]

9 % T T T T T S o T T T T

pro ECP 1stECP 3 ECP ShECP ECP pre ECP 1stECP 3rd ECP ShECP ECP

oce cyde cyde FU cycle cyde cyde  FU

E F

2 100 . & 100

15 $ g

£ E

5 5

s = s

S_e S

& . &= 8

4 . 2

£ w0 £ w

& &

& = T

a a

° o T T S T T T T

T T T
pre ECP 1StECP 3 ECP SthECP ECP
ode cyde cyde  FU

T
proECP 1stECP 3id ECP SIhECP ECP
ode coyle  cyde  FU






OEBPS/Images/fimmu-12-676175-g002.jpg
>

oy i
15 °
¢
Fo
H
]
Gos
oo
swcp raEce aEce SnEce 0P
oo ook ook
3 c
o 3
= " o
£ *
3 S
8 : 8
P H 3w
H A 3 *
© 4 il S .
2 ! g (I ot
g -+ :
g hES + 5 g
o o
o bcp kP Yakcr smice [
e e ook P o o o R
o €
L s
. -
3 Fw
8 H
S s *
3w Sw
8 . 8
S w . S
2 i
2 RS
8 8

OECP 18 ECP SUECP SMECP ECP.
e ode oge U

POECP 1 ECP JECP SHECP ECP
ode owe ok FU






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Immune Monitoring Assay for Extracorporeal Photopheresis Treatment Optimization After Heart Transplantation

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Patient Cohorts

          



          		

            Extracorporeal Photopheresis

          



          		

            Flow Cytometric Assessment

          



          		

            Statistics

          



          		

            Classification of Immunological Effects Induced by ECP

          



        



        



        		

          Results

        

          		

            ECP Performance and Blood Monitoring

          



          		

            Dendritic Cell Analysis

          



          		

            Regulatory T Cell Analysis

          



          		

            Grouping According to Immunological Profiles

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-12-676175-g001.jpg
R
&

v v v v v v A 4
L I I )

3 months 4-6 months 4 months






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-676175-g005.jpg
A B *
000
0
) B i
g . g o i
8 : 5 +4in
& 1000 [ T 4000-
= T & .
o o
£GP 1P g Ecp smEce Ebp SR T S sop e
e e oon 70 e e e
c °
00 00 *
= 3 = -
8 =0 Sl
a F i a 4 S
o ke - : o -
S| + 7+ || !
H H

PrOECP I ECP S9ECP ShECP ECP
e ode ode U

ProECP 1MECP 30 ECP S ECP €GP
ke e e U






OEBPS/Images/fimmu-12-676175-g003.jpg
>

MFI BDCA1

e

MFIBDCAZ [U]

H

—+

e
W

e
W

£

MFI BDCA4 [U]
[

i

o ECP 1 ECP 31 ECP s ECP
e e ade

oGP IMECP 4 ECP SNECP.
e ol e

23






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu.2021.676175_cover.jpg
’ frontiers
in Immunology

Immune Monitoring Assay for

Extracorporeal Photopheresis

Treatment Optimization After
Heart Transplantation





OEBPS/Images/table1.jpg
Extracorporeal photophoresis

Pre-ECP
Platelets [10°/L] 191 + 56
Erythrocytes [10%/L] 3907
Hemoglobin [g/dL] 104 +£15
Hematocrit [%] 31.9+4.6

1%t cycle

238 + 88
38+06
102 +1.2
31.7 £33

3" cycle

226 + 67

4306
11.6+1.4
35.4 + 4.1

pre-ECP, prior extracorporeal photopheresis; ECP FU, follow-up of extracorporeal photopheresis.

5t cycle

222 + 91
4305
16+13
359+35

ECP FU

217 £ 93
43+0.7
16+19
348 +54

0.24
0.57
0.92
0.81





