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Abstract
Extracorporeal photopheresis (ECP) has been used for more than 30 years to treat inflammatory disorders such as graft-versus-host disease (GvHD). The central step 
is the ex vivo treatment of the patient´s leukocytes with 8-Methoxypsoralen (8-MOP) and UV-A irradiation, resulting in cellular apoptosis. However, the injection 
of 8-MOP into the irradiation bag poses a risk of contamination. UV-C radiation is more energetic than UV-A radiation and is able to induce apoptosis without 
photosensitizers such as 8-MOP. Hence, we compared the effects of both treatments on leukocytes in vitro and in vivo. We analyzed the cell-specific pattern of 
apoptosis in human mononuclear cells treated with 8-MOP/UV-A and UV-C in cell culture for 72 hours. In addition, we investigated the therapeutic potential of 
UV-C irradiated leukocytes in a mouse model of acute GvHD. In vitro we observed equal or only slightly decreased levels of apoptosis in cells treated with UV-C 
compared to 8-MOP/UV-A. Both, the kinetic and final level of apoptosis after 72 h were similar in T cells, monocytes, B cells, regulatory T cells and NK(T) cells. 
The therapeutic in vivo analysis in a murine GvHD model revealed no clear benefit of the UV-C treatment compared to the non-therapeutic control group, but also 
no adverse survival or clinical GVHD score compared to the 8-MOP/UV-A group. Our in vitro and in vivo data support the notion that 8-MOP/UV-A could be 
replaced by UV-C treatment in ECP and thus contribute to a safer GvHD therapy. The investigation of the therapeutic in vivo potential should be continued in 
further studies.
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Introduction
The impact of electromagnetic frequencies on life is tremendous. 

Frequencies in the range of the visible light are central for the 
homeostasis of the circadian rhythms of the nervous system and 
metabolism of the whole body [1,2]. On the other side unnatural 
microwave frequencies of modern wireless technologies (smartphones, 
cell towers and WiFi/WLAN) have devastating biological effects which 
are clearly proven by hundreds of scientific publications worldwide [3-
10]. However, we can use frequencies of the ultraviolet (UV) spectrum 
for therapeutic purposes. UV therapy has actually a long history. Today 
the Extracorporeal Photopheresis (ECP), using 8-Methoxypsoralen 
(8-MOP) and UV-A light, is a widespread therapy for severe diseases 
linked to excessive immune reactions. A common indication for 
ECP therapy is Graft-versus-Host Disease (GvHD). GvHD is a 
major complication after allogeneic Hematopoietic Stem Cell 
Transplantation and responsible for the high morbidity and mortality 
in these patients [11]. ECP therapy is suitable for the treatment of both 
acute and chronic GvHD, especially because ECP is rather modulating 
the overwhelming immune response than suppressing the immune 
system in an unspecific way [12]. Many, but certainly not all, cellular 
mechanisms of ECP therapy have been identified [13]. The initial 
immunological mechanism is probably the induction of apoptosis by 
extra-corporal treatment of the patient´s cells with 8-MOP and UV-A 
irradiation [14-19]. The lymphocytes are reinfused into the patient, 
undergo delayed apoptosis within 24-72 hours after treatment, and 
are subsequently phagocytized [14,20,21]. Apoptotic clearance is an 

elementary and well-known mechanism of immune homeostasis 
[22,23]. Apoptotic cells are removed by immature dendritic cells, 
which thereby become tolerogeneic dendritic cells [24]. Another 
theory postulates the induction of dendritic cells through the ex vivo 
interaction with platelets in the apheresis device itself [25]. 

From a more technical point of view, recent ECP research has 
focused on the replacement of 8-MOP by other photosensitizers such 
as 5-Aminolevulinic acid [26]. However, all these procedures require 
that 8-MOP or other photosensitizers which increase the patient’s 
photosensitivity have to be added to the lymphocytes [27]. The 
injection of 8-MOP into the apheresis bag is a step that is prone to 
potential bacterial contamination. Although clinical experience shows 
that this risk is not very high, it could become a regulatory aspect in the 
technical ECP process. Another and clinically well-known side-effect is 
that 8-MOP can induce photoallergy in the patient [28]. To circumvent 
these issues, treatment of the cells by 8-MOP and UV-A could possibly 
be replaced by using UV-C irradiation without adding 8-MOP. In 
the conventional ECP setup, apoptosis is induced by activating the 
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photosensitizer 8-MOP by UV-A light. UV-C frequencies have a 
higher energy level compared to UV-A. It was shown that UV-C light 
alone is sufficient to induce delayed apoptosis similar to 8-MOP/
UV-A treatment [29]. In addition, UVC was successfully tested for 
leukocyte inactivation in human platelet products [30]. Our hypothesis 
is therefore that UV-C treatment can replace 8-MOP/UV-A in ECP 
protocols. To address this issue, we investigated the apoptosis kinetics 
of several human leukocyte subpopulations treated with UV-C in 
vitro, in comparison to the standard protocol with 8-MOP/UVA. In 
addition, we used a mouse model of acute GvHD to explore safety and 
efficacy of UV-C treated leukocytes in vivo.

Materials and methods
Blood samples

Blood was drawn from healthy donors routinely visiting the blood 
donation service of the University Medical Center Göttingen. Female 
and male individuals aged 18-65 years were included. For every 
experimental condition 9-12 blood samples were used. Every donor 
gave written consent that part of their donated blood could be used 
for scientific purposes. The study was performed according to the 
Declaration of Helsinki and approved by the ethics committee of the 
University Medical Center Göttingen (approval no. 26/9/17).

Preparation of mononuclear cells was performed with the help of 
Ficoll-Paque Plus (GE Healthcare Biosciences AB, Uppsala, Sweden). 
Sodium-citrate was used as anticoagulant. Cellular separation was 
performed following a centrifugation protocol with 600 g for 20 min 
and two platelet depletion steps with 100 g for 10 min.

8-MOP/UVA and UVC treatment

8-MOP was produced by the pharmacy of the University Medical 
Center Göttingen. Mononuclear cells were resuspended in 5 ml PBS 
(Gibco, Life Technologies, Carlsbad, USA) in 25 ml flasks. For UV-A 
irradiation (2 J/cm2), cells were incubated with 0.2 µg/ml 8-MOP. 
UV-C irradiation was performed without 8-MOP at 2 and 6 J/cm2, 
respectively. After irradiation, 8-MOP was removed by centrifugation 
at 350 g for 10 min. 

For the in vitro apoptosis analysis, cells were cultured after 
treatment in RPMI-1640 medium (Gibco, Thermo Fischer, Waltham, 
USA) supplemented with 10 % fetal bovine serum (Gibco) and 1% 
penicillin/streptomycin (Gibco) at 37°C and 5 % CO2 for up to 72 h. 

GvHD mouse model

C57BL/6 (B6) male donor mice were used for BMT and purchased 
from Janvier (St Berthevin Cedex, France). BALB/c male recipient mice 
were obtained from Charles River Laboratories (Sulzfeld, Germany). 
At the time point of BMT, mice were 9 weeks old. Animals were housed 
in individual ventilated cages and received analgesic treatment with 
metamizole. The local authority of Lower Saxony/Germany approved 
the animal experiments (no. 14/1448). The ethical guidelines for animal 
care and experimental use were fulfilled. 

Acute GvHD was induced by total body irradiation of BALB/c mice 
at 9.5 Gy with subsequent BMT after 24 hrs. For BMT, 107 bone marrow 
cells and 2 x 106 purified T cells from B6 donor spleen and lymph 
node were injected into the tail vein of each recipient mice (modified 
according to Tischner, et al.) [29]. The GvHD pathology score was 
based on activity, posture, diarrhea and the condition of the fur and 
skin. For each of the four criteria 0-2 points were assigend according to 
severity with a maximum of 8 points for all criteria together. Animals 

reaching 6 points were sacrificed immediately for ethical reasons by 
CO2 inhalation followed by cervical dislocation. Mice which did not 
reach 6 points during the observation period were sacrificed 42 days 
after BMT. The GvHD severity score and the weight of the animals 
were assessed daily.

For ECP in vivo therapy, 1.5 x 106 UVA/8-MOP or UVC irradiated 
splenocytes from C3H donor mice were resuspended in 100 µl PBS and 
injected in the lateral mouse tail vein of the BALB/c recipient mice. 
The control group received PBS only. The first injection was performed 
three days after BMT followed by four ECP treatments at weekly 
intervals.

Flow cytometry analysis

For the in vitro analysis of human mononuclear cells, we used 
the following anti-human antibodies: CD3 Pacific Blue (OKT3), CD4 
PE (RPA-T4), CD8 PE (SK1), CD14 Pacific Blue (M5E2), CD19 PE 
(HIB19), CD56 PE (HCD56), and CD39 PE (A1), which were purchased 
from BioLegend (San Diego, USA; clone name in brackets). Detection 
of early and late apoptosis was performed by Annexin V (FITC) and 
7-AAD viability staining (BioLegend). 

For the in vivo GvHD experiments, the following anti-mouse 
antibodies were used: CD3 Pacific Blue (eBio500A2), CD4 FITC (RM 
4-5), CD25 PE (PC 61.5), and FoxP3 APC (FJK-16s), purchased from 
eBioscience (San Diego, USA); CD8 APC (53-6.7) and CD49b APC 
(DX5) from BioLegend. Flow cytometry analysis was perfomed with a 
FACS Canto II instrument (BD Biosciences, San Jose, USA).

Statistics

For statistical analysis of the in vitro apoptosis experiments, a two-
way repeated measures analysis of variance (ANOVA) was performed. 
ANOVA was followed by subgroup analysis with Tukey´s post hoc test. 
Statistical significance was assumed for p-values < 0.05. Bar diagrams 
are shown as mean ± standard deviation (SD). Levels of statistical 
significance are indicated above the bars. Comparison of the leukocyte 
frequencies in vivo were performed with the non-parametric Mann-
Whitney U-test. Survival was analysed by log-rank-test. Graph Pad 
Prism 7.00 served as statistical analysis software (San Diego, USA).

Results
Apoptosis induction in human mononuclear cells by UV-A/8-MOP 
compared to UV-C treatment

We started the experiments with a UV dose of 2 J/cm2 for both 
UV-A and UV-C irradiation. 8-MOP and UV-A treatment resulted in 
a strong increase of apoptosis reaching 86-94 % in CD4+ and CD8+ T 
cells, 84 % in CD14+ monocytes, 94 % in CD19+ B cells, 92 % in CD4+ 
CD39+ Treg cells and 96-97 % in CD3- CD56+ NK and CD3+ CD56+ 
NKT cells after 72 hrs in vitro (Figure 1, black columns). Irradiation 
with 2 J/cm2 UVC also induced a strong increase in apoptosis within 
72 hrs, but the level of apoptosis was clearly lower compared to the 
8-MOP/UVA treatment in almost all cell types (Figure 1). After 72 hrs, 
we observed apoptosis levels of 51-62 % in CD4+ and CD8+ T cells, 74 
% in CD14+ monocytes, 67 % in CD19+ B cells, 72 % in CD4+ CD39+ 
Treg cells and 74-80 % in CD3- CD56+ NK and CD3+ CD56+ NKT cells 
(Figure 1; white columns). In the UV-C group, the CD14+ monocytes 
reached a relatively high apoptosis level, whereas within in the 8-MOP/
UV-A group they reached a slightly lower apoptosis level compared to 
the other cell types (Figure 1). 
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Figure 1. Apoptosis kinetics after treatment with 8-MOP+UV-A compared to UV-C without 8-MOP. Mononuclear cells were purified from human buffy coats. Untreated cells as well as 
8-MOP+UV-A (2 J/cm2) and UV-C (2 and 6 J/cm2) treated cells were cultured ex vivo for 72 hrs and stained on a daily basis using AnnexinV as an early apoptosis marker (n=9-12). Bars 
represent the mean + SD. Statistical significance was determined by two-way ANOVA followed by Tukey´s multiple comparison test (* p<0.05; ** p < 0.01; *** p < 0.001)
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A critical feature especially concerning UV-C irradiation is the 
absorption of UV-C light by the material of the cell culture flask or 
irradiation bag. We measured the reduction of the effective UV dose 
after passing the plastic material of the cell culture flask. We found a 
loss of UV-C dosage of 70 %, which means an effective UV-C dose on 
the cell surface of only 0.6 J/cm2. In contrast, the loss of UVA intensity 
after passing the plastic surface was only 10 %, resulting in an effective 
cell dose of 1.8 J/cm2. Hence, we increased the UV-C irradiation setting 
to 6 J/cm2, which corresponds to an effective cellular dose of 1.8 J/cm2. 

Notably, the increase in UV-C dosage to 6 J/cm2, significantly 
increased cellular apoptosis. Accordingly, after 72 hrs, we measured 
apoptosis levels of 69-76 % in the CD4+ and CD8+ T cells, 76 % in CD14+ 
monocytes, 91 % in CD19+ B cells, 85 % in CD4+ CD39+ Treg cells and 
78-81 % in CD3- CD56+ NK and CD3+ CD56+ NKT cells (Figure 1; 
grey columns). In monocytes, B cells and Treg cells, irradiation with 
an effective dose of 1.8 J/cm2 UVC (6 J/cm2 setting for the UV-C lamps) 
reached similar apoptosis levels compared to the effective dose of 1.8 
J/cm2 UVA + 8-MOP (Figure 1A, 1B and 1E). The final apoptosis rate 
reached in CD4+ and CD8+ T cells in the UV-C group was 7.6 - 9.0 
% less than in the UVA + 8-MOP group. NK and NKT cells showed 
apoptosis levels that were 12.9 – 17.2 % less than in the UVA + 8-MOP 
group (Figure 1F and 1G). 

Late apoptosis is characterized by AnnexinV and 7-AAD co-
staining. After 72 hrs in cell culture, the comparison of 2 J/cm2 UV-A 
(1.8 J/cm2 effective dose) and UV-C 6 J/cm2 (1.8 J/cm2 effective dose) 
revealed similar levels of late apoptotic cells in the CD4+ T cells, CD14+ 
monocytes, CD19+ B cells and CD3- CD56+ NK cells (Figure S1). CD14+ 
monocytes were characterized by very low levels of less than 30 % of 
late apoptotic cells in both groups (Figure S1 C). CD8+ T cells showed 
slightly increased levels of late apoptosis in the UV-C group, whereas 

CD4+ CD39+ Treg cells and CD3+ CD56+ NKT cells showed increased 
late apoptosis in the UV-A group (Figure S1 C). 

Therapy of GvHD in mice with UV-A/8-MOP or UV-C 
treated splenocytes

For our in vivo study, we used a mouse model of acute GvHD. The 
disease was induced in conditioned BALB/c mice by transplantation with 
B6 bone marrow and T cells. Mice were injected with splenocytes either 
treated with 8-MOP/UV-A or UV-C therapy, or PBS as a control. Although 
the Log-rank test did not reach significance (p=0.136), the median survival 
time in the UV-C group was 28.5 days compared to only 23 days in the 
conventional 8-MOP/UVA group (Figure 2A, n = 17-18). It is noteworthy 
that the median survival of the PBS control group was 27 days.

We did not observe any significant differences in the daily assessed 
GvHD score between the three experimental groups (Figure 2B). Also 
the weight loss was not significantly different between the three groups 
(Figure 2C; ANOVA p=0.09).

Cellular analysis of mouse splenocytes after therapeutic 
treatment with UV-A/8-MOP or UV-C in vivo

Splenocytes of GvHD mice of all three experimental groups were 
prepared and enumerated after sacrificing the animals when reaching 
the end of the observation time after 42 days or a GvHD score of 6. 
We observed a slightly increased level of the CD3- CD49b+ NK cells in 
the UV-C treated group compared to the UV-A/8-MOP group (Figure 
3A). Furthermore, the percentage of the CD3+ CD49b+ NKT cells was 
increased in the UV-C group, too (Figure 3B). Quantification of the 
percentages of CD3+ CD4+ T cells, the CD3+ CD8+ T cells and CD4+ 
CD25+ FoxP3+ Treg cells revealed no differences between UV-C, UV-
A/8-MOP and PBS control group (Figure 3C-3E). 

Figure 2. Therapeutic efficacy of 8-MOP/UV-A and UV-C treatment in a mouse model of acute GvHD. Acute GvHD was induced by transplantation of B6 bone marrow and T cells into 
conditioned BALB/c recipient mice. Animals received five injections in weekly intervals of 1.5 x 106 C3H splenocytes treated with 8-MOP/UV-A, UV-C or PBS only as a control (n=17-18). 
Survival (a), the GvHD severity score (b) and weight loss (c) are depicted in the graphs
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Discussion
Cellular apoptosis is a control mechanism for immune cell 

homeostasis. To prevent inflammatory reactions, a steady state level 
of apoptotic cells seems to be favorable whereas a low or high number 
of apoptotic cells is probably not beneficial [31,32]. Since conventional 
ECP with 8-MOP/UV-A treatment shows high therapeutic potential in 
many GvHD patients, the apoptosis pattern of this therapeutic regimen 

was chosen as the basis for the apoptosis adjustment of the new UV-C 
treatment. 

Application of 8-MOP and 2 J/cm2 UV-A irradiation resulted in a 
gradual rise of apoptosis reaching levels of about 90 % after 72 hrs of 
treatment. These findings correspond to the results of other groups and 
confirm our earlier observations [14,20,33]. The clinical standard UV-A 
irradiation dose is 2 J/cm2. In our UV-C test series we thus started with 

Figure 3. Flow cytometric enumeration of leukocyte subsets after treatment GvHD mice with 8-MOP/UV-A and UV-C. GvHD mice received five injections in weekly intervals of 1.5 x 
106 C3H splenocytes treated with 8-MOP/UV-A (n=8-15), UV-C (n=5-18) or PBS as a control (n=9-16). Splenocytes were prepared at the end of the observation period of 42 days or when 
reaching a GvHD Score of 6. Box plots are shown with median, quartiles and min/max values (* p < 0.05)
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the same dose of 2 J/cm2, which resulted in significantly lower final 
apoptosis rate 72 hrs after treatment. This finding is most likely the 
result of the high absorption of UV-C irradiation by the plastic material 
of the culture flask in which we treated the cells. Our subsequent 
measurements revealed absorption of 70 % of the UV-C radiation by 
the plastic surface, whereas only 10 % of the UV-A radiation was lost 
by passing the plastic material. This is a crucial point to keep in mind. 
Every ECP radiation bag should be measured for its UV absorption 
rate when using UV-C as an experimental source of irradiation. The 
UV-C dose increase to 6 J/cm2 led to the same effective cellular dose 
of 1.8 J/cm2 compared to the UV-A irradiation. This resulted in a 
significant increase of apoptosis in most leukocyte subpopulations. The 
apoptosis levels of this UV-C treated series were comparable or at least 
approached the levels of the conventional 8-MOP/UV-A treatment. 
The apoptosis levels in T cells in the UV-C groups did not reach the level 
of the 8-MOP/UV-A group. However, further increase of the UV-C 
dose would probably solve this problem. In addition to our results, 
Pohler and colleagues could show that UVC use for T-cell inactivation 
in platelet products was linked to reduced T cell proliferation, cytokine 
secretion and antigen presentation [30]. Another important cell type 
in ECP research and our apoptosis experiments are monocytes. In 
contrast to the other cell types investigated in our study, the monocytes 
were vulnerable to apoptosis induction already in the 2 J/cm2 (0.6 J/
cm2 effective dose) low dose UV-C setting. In monocytes we found 
no difference in the apoptosis kinetic or the final apoptosis rate 72 
hrs after treatment with 2 J/cm2 compared to 6 J/cm2. Another aspect 
concerning the monocyte population is the very low number of 
Annexin V and 7-AAD double-positive late-apoptotic cells. This is a 
very interesting finding considering the conflicting results of different 
studies on monocyte apoptosis in ECP therapy. Several groups found 
8-MOP/UV-A induced monocytes apoptosis to be comparable to other 
cell types [20,24,34,35]. In contrast, other groups reported a relatively 
high resistance of monocyte towards 8-MOP/UV-A induced apoptosis 
[36,37]. With our results of normal or slightly reduced levels of early 
monocyte apoptosis, but strongly reduced late monocyte apoptosis we 
can now join both sides of the scientific discussion about the induction 
of monocyte apoptosis by ECP.

Our in vivo results concerning the treatment of acute murine GvHD 
with 8-MOP/UV-A compared to UV-C are difficult to interpret. The 
limitation of the in vivo part is the lack of therapeutic significance of 
the conventional 8-MOP/UV-A treatment group compared to the PBS 
treated control group. However, the UV-C treatment group showed at 
least a tendency to a higher survival rate compared to the conventional 
8-MOP/UV-A therapy, especially in the last weeks of the observation 
period. Even though the benefit of UV-C therapy did not reach statistical 
significance, we found that the therapeutic response was at least not 
worse than the one of the 8-MOP/UV-A treatment. Given the fact that 
the conventional 8-MOP/UV-A based ECP showed therapeutic effects 
in thousands of patients worldwide, and combining this information 
with our in vivo result that UV-C seems not to be worse compared 
to 8-MOP/UV-A treatment, the UV-C approach could be indeed an 
interesting alternative. However, the final therapeutic potential of the 
UV-C approach has to be investigated in future animal and clinical 
studies.

The cellular assessment of leukocyte subpopulations from the three 
experimental groups did not show any significant differences. The 
slightly increased percentages of NK and NKT cells in the UV-C group 
may not be linked to therapeutic effects. Nevertheless, this finding fits 
very well with the results of Iniesta and colleagues who showed that an 

increase of NK cells could be a predictive biomarker for the response to 
ECP in GvHD therapy [38].

In addition to the restoration of immune homeostasis by apoptotic 
cells, Edelson and colleagues demonstrated an ECP mechanism based 
on the activation of platelets during the ex vivo processing and the 
subsequent interaction of these platelets with monocytes leading to 
the induction of tolerogenic dendritic cells [39]. We expect that this 
mechanism should not differ between the conventional 8-MOP/UV-A 
and the novel UV-C approach, because the apheresis procedure would 
be the same.

In conclusion, we found similar apoptosis kinetics as well as final 
apoptosis levels after in vitro treatment of mononuclear cells with 
UV-C compared to the conventional 8-MOP/UV-A procedure. The 
GvHD mouse model did not show any statistically significant evidence 
for the new therapeutic concept when comparing the new UV-C with 
the conventional 8-MOP/UV-A treatment, but we also did not observe 
any adverse side effects regarding survival or GvHD score. Thus, in our 
opinion, the concept of an ECP protocol without 8-MOP using UV-C 
irradiation deserves further investigation. 
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