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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.
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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
org 2
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.

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
August 2021 | Volume 12 | Article 676175
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(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 cel ls 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
Frontiers in Immunology | www.frontiersin.org 3
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,
FIGURE 1 | Overview about the treatment regimen for extracorporeal photopheresis. ECP, extracorporeal photopheresis; HTx, heart transplantation.
August 2021 | Volume 12 | Article 676175
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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
Frontiers in Immunology | www.frontiersin.org 4
scheduled ECP treatments. At the end of the study the female
patient had a grade 1R ACR and the male patient had no ACR.

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).

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).

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).
TABLE 1 | Blood parameters of patients treated with extracorporeal photopheresis.

Extracorporeal photophoresis p

Pre-ECP 1st cycle 3rd cycle 5th cycle ECP FU

Platelets [109/L] 191 ± 56 238 ± 88 226 ± 67 222 ± 91 217 ± 93 0.24
Erythrocytes [109/L] 3.9 ± 0.7 3.8 ± 0.6 4.3 ± 0.6 4.3 ± 0.5 4.3 ± 0.7 0.57
Hemoglobin [g/dL] 10.4 ± 1.5 10.2 ± 1.2 11.6 ± 1.4 11.6 ± 1.3 11.6 ± 1.9 0.92
Hematocrit [%] 31.9 ± 4.6 31.7 ± 3.3 35.4 ± 4.1 35.9 ± 3.5 34.8 ± 5.4 0.81
August 2021
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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
Frontiers in Immunology | www.frontiersin.org 5
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
A

B

D E

C

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.
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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
Frontiers in Immunology | www.frontiersin.org 6
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-a/b, thereby preventing a Th1-
A B

DC

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.
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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-a/b 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
Frontiers in Immunology | www.frontiersin.org 7
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).
A B

D

E F

C

FIGURE 4 | 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.
August 2021 | Volume 12 | Article 676175
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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.
Frontiers in Immunology | www.frontiersin.org 8
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
A B

DC

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.
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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.
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Neuropilin 1 and CD25 Co-RegulationDuring EarlyMurine 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, 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, ChenD, ZhangN, ChenD, 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, EdingerM, 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
Frontiers in Immunology | www.frontiersin.org 10
28. Lu SY, Liu KY, Liu DH, Xu LP, 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, 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, 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.
August 2021 | Volume 12 | Article 676175

https://doi.org/10.1002/jca.21705
https://doi.org/10.1056/NEJM199812103392404
https://doi.org/10.1016/j.csbj.2018.10.004
https://doi.org/10.1016/j.transci.2011.10.028
https://doi.org/10.1038/jid.2013.142
https://doi.org/10.1084/jem.194.12.1823
https://doi.org/10.1016/j.dci.2007.01.009
https://doi.org/10.1084/jem.20120822
https://doi.org/10.1371/journal.pone.0061151
https://doi.org/10.1371/journal.pone.0061151
https://doi.org/10.1016/j.transproceed.2006.10.221
https://doi.org/10.1097/TP.0b013e3181aed927
https://doi.org/10.1046/j.1600-6143.2003.00293.x
https://doi.org/10.1182/blood-2004-05-2044
https://doi.org/10.1111/j.1365-2249.2011.04418.x
https://doi.org/10.1371/journal.pone.0145763
https://doi.org/10.1371/journal.pone.0145763
https://doi.org/10.1002/jca.21486
https://doi.org/10.1002/jca.21486
https://doi.org/10.1097/TP.0000000000002244
https://doi.org/10.1111/trf.12065
https://doi.org/10.1111/trf.13672
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Immune Monitoring Assay for Extracorporeal Photopheresis Treatment Optimization After Heart Transplantation
	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



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


