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Background - Extracorporeal photopheresis (ECP) is a well-established but 
lengthy and burdensome cell-based therapy for various diseases such as 
cutaneous T-cell lymphoma, graft-versus-host disease and organ rejection 
after transplantation. The number of mononuclear cells (MNCs) that needs 
to be collected to obtain a clinical response to ECP is still under debate. 
The purpose of this retrospective study was to determine the number of 
lymphocytes, monocytes and neutrophils in mononuclear cell products (MCP) 
by flow cytometry and the collection efficiency in the offline ECP setting.
Materials and methods - We collected data from 10 different patients undergoing 
162 ECP procedures using the Spectra Optia device for MNC collection. White 
blood cell (WBC) count of MCP was determined using a hematology analyzer. 
MNCs were analyzed for CD45 and CD14 expression by flow cytometry to exactly 
determine the collected lymphocyte and monocyte fractions. 
Results - Collected MCP showed high cell yields with 55.3×106/kg MNCs and 
41.1×106/kg lymphocytes.  MCP were characterized by high MNC (81.3%) and 
low neutrophils (18.7%) percentage. Mean collection efficiency for WBCs and 
for MNCs was 23.9% and 62.0%, respectively. The MNC fraction showed a 
moderate to high correlation between peripheral blood cell count of patients 
and MCP count. 
Discussion - This study is one of a few reports showing the monocyte-
to-lymphocyte relation in MCP for ECP determined by flow cytometry. In 
comparison to historical data from inline ECP, the offline ECP processing 
one total blood volume results in considerably higher cell yields. For this 
reason, and to reduce the burden on patients, we propose that the offline ECP 
processing time can be substantially reduced.

Keywords: photopheresis, mononuclear cells, collection efficiency, graft vs host disease, 
flow cytometry.
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Introduction
Extracorporeal photopheresis (ECP) has proved to be an effective treatment for a 
wide range of diseases. Initially used in the field of dermatology in the late 1980s 
for the treatment of cutaneous T-cell lymphoma, it is nowadays an established 
therapeutic option for graft-versus-host disease (GvHD), rejection after solid organ 
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transplantation and a variety of autoimmune diseases1-3. 
In ECP, the patient’s own leukocytes are collected and 
treated with 8-methoxy-psoralen (8-MOP), inducing UV-A 
light sensitivity in collected cells. These cells are either 
irradiated directly in the apheresis device, which is called 
“inline ECP”, or using an external device, called “off line 
ECP”. The UV-A light induces apoptosis of collected and 
8-MOP-treated leukocytes. After this treatment, the 
apoptotic cells are returned to the patient. Although 
dendritic cell initiation, modification of the cytokine 
profile and stimulation of regulatory T-cells can be 
observed, the mechanisms of action of this therapeutic 
approach are still not fully understood4-7. 
There are ambivalent opinions regarding the number of 
leukocytes that need to be collected during ECP. While 
some experts define a rather low number as a cut-off value 
(13.9×106/kg body weight MNCs)8,9, there are also others 
recommending comparatively high values (>100×106/kg 
body weight MNCs)10. By collecting mononuclear cells 
(MNCs) with a conventional off line apheresis device, 
a significantly higher amount of cells can be obtained 
than with the inline system. Nevertheless, in a direct 
comparison of both ECP systems, a clear relationship 
between cell dose and clinical response could not be 
found11.
Furthermore, most ECP studies determine the ratio of 
the different leukocyte types by conventional blood cell 
counting11-16. Depending on the hematology analyzer used, 
it is not always possible to distinguish accurately between 
different cell types, leading to rather unclear results. Flow 
cytometry is state-of-the-art for analyzing the expression 
of cell surface molecules and determining various cell 
types in a heterogeneous cell population. Therefore, we 
used the pan-leucocyte and monocyte markers CD45 and 
CD14, respectively, in evaluating collection efficiency (CE) 
of the off line apheresis system.
We hypothesize that ECP optimization may help to reduce 
time-consuming treatment related burden for patients 
as well as citrate anticoagulation associated side effects. 
Addressing the CE of various ECP systems, as well as the 
correlation between patient’s peripheral blood counts and 
cell counts of the apheresis products, will help to optimize 
ECP procedures and may become essential parameters 
for cell-dose-response correlations in future prospective 
clinical ECP studies.

MATERIAL AND METHODS

Sample collection and study design 
In this retrospective study, we analyzed 162 ECP 
treatments of 10 different patients. All participants 
signed informed consent. The study was approved by the 
Institutional Ethics Committee (Ethikkommission für 
das Bundesland Salzburg) (approval number: 1022/2022). 
For a better distribution of peripheral blood counts, we 
included patients with different diseases. Patients were 
diagnosed with chronic GvHD after allogeneic stem 
cell transplantation, bronchitis-obliterans-syndrome 
(BOS) due to lung transplantation and Crohn’s disease, 
respectively. Patient’s characteristics are summarized in 
Table I. Before ECP was conducted, a complete cell blood 
count (CBC) (white blood cells (WBCs), hemoglobin, 
hematocrit, platelets and percentages of neutrophils, 
lymphocytes and monocytes) had been done (Table II).  
In addition, following data related to ECP procedures 
were obtained: processed total blood volume (TBV), 
MNC collection runtime, Anticoagulant Citrate Dextrose 
Solution (ACD-A) used and infused, MCP volume, the 
ratio of processed blood volume to total blood volume and 
photoactivation time (Table II). 

Offline ECP treatment
The ECP treatments analyzed in this study took place from 
04/2019 to 12/2021 and were performed based on published 
guidelines1-3. Before each treatment, a medical evaluation 
of the patient’s health status was done to exclude 
contraindications for ECP treatment. Furthermore, blood 
pressure, pulse, temperature and the patient’s weight were 
measured. ACD-A was used as a coagulation agent in a 
ratio of 1:12 during ECP. Collection of cells was performed 

Table I - Patient characteristics 

Patients (No.) 10

Age in years (mean ± SEM) 55±3.31

Sex M/F (n) 2/8

Patients disease (No.)
        GvHD
        BOS
        Mb. Crohn

7
2
1

Weight in kg (mean ± SEM) 59.52±0.85

Total blood volume in mL  (mean ± SEM) 3,883.35±55.44

GvHD: graft versus host disease; BOS: bronchitis-obliterans-syndrome; 
SEM: standard error of the mean.
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using the continuous MNC program (cMNC) of the 
Spectra Optia apheresis device (Terumo BCT, Lakewood, 
Colorado, USA) by processing one TBV. The hematocrit 
target value (<2%) was monitored visually throughout the 
procedure by following the color to the corresponding 
required layer of buffy coat on a color scale (colorgram). 
After collecting the MNCs, 8-MOP was injected and cells 
were photoactivated with an UVA illuminator (wavelength 
365 nm, 2.0 J/cm2; Macogenic G2, Macopharma, Mouvaux, 
France). The photoactivated mononucleated cell product 
(MCP) was then reinfused to the patient. 

Determination of cell blood counts and CE
The complete cell blood count including neutrophils, 
lymphocytes and monocytes of the venous blood as 
well as the WBC count of the MCP were determined 
using a Sysmex XN-9000 hematology analyzer (Sysmex 
Corporation, Kobe, Japan). CE was assessed using the CE 2 
method (%) = (WBCs [or lymphocytes, or monocytes, or MNCs, 
or neutrophils] collected [×106/mL] × product volume [mL]) / 
(preapheresis WBCs [or lymphocytes, or monocytes, or MNCs, or 
neutrophils] [×106/mL] × [processed volume {mL} − volume ACD 
{mL}]) × 10011,13,15.

Flow cytometry
To calculate absolute lymphocyte and monocyte counts 
in the MCP, CD45 and CD14 expression was measured 
by f low cytometry. 100 µL of the apheresis product, 
which was diluted with phosphate buffered saline (PBS, 
phosphate buffered saline powder, pH 7.4 for preparing 
1 L solutions, Sigma-Aldrich Co, #P3813) to obtain a 
WBC count of maximum 10,000/µL, was incubated with 
10 µL CD45 FITC/CD14 PE (BD Simultest™ Leucogate™, BD 
Biosciences, San Jose, CA, USA, #342408) for 15 minutes at 
room temperature in the dark. Then, 1 mL of lysing solution 
(BD Pharm Lyse™, BD Biosciences, #555899, diluted with 
distilled water 1:10) was added. After a further incubation 
period of 5 minutes at room temperature in the dark, 
the sample was measured by the BD FACSLyric™ f low 
cytometer using BD FACSuite™ software (BD Biosciences) 
using the acquisition criteria of 300 seconds or 15,000 
leukocytes. After removing cell debris, leukocytes were 
gated on a CD45 vs side scatter dot plot. Lymphocytes and 
monocytes were identified on a CD45 vs CD14 dot plot. 
Granulocytes (neutrophils) were either gated due to their 
properties in the CD45 vs CD14 or in the CD45 vs side scatter 
dot plot. Lymphocytes, monocytes and granulocytes were 
reported as percentages of leukocytes.

Statistical analysis 
Data are presented as arithmetic mean and standard error 
of the mean (SEM). To analyze the data, at first correlations 
between WBCs, MNCs, neutrophils, lymphocytes and 
monocytes in the patient’s blood and MCP cell count 
were calculated using Pearson’s correlation coefficient. 
A correlation <0.2 was defined as very weak, between 
0.2 and 0.4 as weak, between 0.4 and 0.6 as moderate, 
between 0.6 and 0.8 as strong, and >0.8 as very strong. 
In addition, linear regression models were considered to 
more accurately determine the linear relationship between 
peripheral and MCP cell counts of the cell types. The two-
sided significance level α=0.05 was used for all hypothesis 
tests. All calculations were done with the statistical software 
R  (version 4.1.3, The R Foundation, Vienna, Austria)17.

RESULTS

Study cohort and MNC collection
As summarized in Table I, the study cohort consisted 
of 8 female and 2 male patients with a mean age of 
55±3.31 years. The mean body weight of patients was 

Table II - Pre procedure peripheral blood cell count and procedure data 

Pre-procedure peripheral blood cell count  (mean ± SEM)

WBCs (×109/L) 5.06±0.18

Hb (g/dL) 11.62±0.12

Hct (%) 34.68±0.36

Plts (×109/L) 271.85±4.88

Neutrophils % 66.20±1.17

Lymphocytes % 22.07±0.94

Monocytes % 9.80±0.36

MNC % 31.87±1.16

ECP (mean ± SEM)

Processed blood volume 3,809.12±52.79

MNC collection runtime (min) 112.15±0.31

ACD-A used (mL)	 346.67±4.86

ACD-A infused (mL) 338.68±4.74

MCP volume (mL) 99.35±0.58

MCP concentrate Hct (%) 0.81±0.02

Processed blood volume/TBV 1.00±0.00

Photoactivation time (min) 10.04±0.05

WBCs: white blood cells; Hb: hemoglobin; Hct: hematocrit; Plts: platelets; 
MNC: mononuclear cells; ACD-A: anticoagulant citrate dextrose solution;  
MCP: mononuclear cell products; SEM: standard error of the mean.
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59.52±0.85 kg with a mean total body volume of 
3,883.35±55.44 mL.  Seven patients were diagnosed with 
chronic GvHD after allogeneic stem cell transplantation. 
Two patients suffered from BOS due to lung transplantation 
and one patient from Crohn’s disease. As shown in 
Table II, the peripheral blood count of patients showed 
a mean WBC count of 5.06±0.18×109/L with a mean 
percentage of 22.07±0.94 lymphocytes and 9.80±0.36 
monocytes. A mean volume of 3,809.12±52.79 mL was 
processed within 112.15±0.31 minutes using 346.67±4.86 
mL of ACD-A. The final MCP volume was 99.35±0.58 
mL. After addition of 8-MOP, the MCP was irradiated 
for 10.04±0.05 minutes. All procedures were carried out 
without any technical issues and none of the patients 
showed significant adverse events (Table II).

MCP characteristics and CE 
For the present study, 162 ECP procedures were analyzed. 
Table III shows the number of leukocytes collected and 
the ratio of the different leukocytes determined by f low 
cytometry. Our data revealed MNCs as the largest cell 
population, with a lymphocyte value of 61.60±1.69% 
and a monocytes value of 19.69±0.79%. The smallest cell 
population were neutrophils with a value of 18.72±1.85%. 
The values obtained were also converted to value per 
kg body weight and resulted in 71.76×106/kg WBCs, 
41.12×106/kg lymphocytes, 14.20×106/kg monocytes 
and 55.32×106/kg MNCs, respectively (Table III). 
Table IV reveals the CE of WBCs with a value of 23.85±0.63%. 
The majority of the cells collected were lymphocytes (CE 
of 69.27±2.01%). Monocytes had a CE of 47.65±1.63% and 
neutrophils of 6.46±0.74%.

Correlation of cell counts in MCP and patients’ 
peripheral blood
Pearson’s correlation analysis and linear regression 
models revealed a moderate correlation between WBCs, 

lymphocytes and MNCs in the MCP cell count and the 
peripheral blood count of patients (WBCs R2=0.19, 
p<0.0001; lymphocytes R2=0.25, p<0.0001; MNC R2=0.28, 
p<0.0001;) (Figure 1A, B, and D, Table V). Monocytes 
showed a strong correlation between MCP cell count 
and periphery (R2=0.58, p<0.0001) (Figure 1E, Table V). 

Table IV - Cell collection efficiency assessment (mean ± SEM)

CE2%

WBCs 23.85±0.63

MNCs 61.96±1.54

Lymphocytes 69.27±2.01

Monocytes 47.65±1.63

Neutrophils 6.46±0.74

WBCs: white blood cells; MNC: mononuclear cells; SEM: standard error of 
the mean.

Table V - Correlation and linear regression of peripheral and MCP cell count

Cell type Correlation 
(coefficient, r)

Correlation
(strength)

Linear
(Regression, R2)

Slope

WBCs 0.44 moderate 0.19 3.01

MNCs 0.53 moderate 0.28 8.95

Neutrophils 0.35 weak 0.13 2.65

Lymphocytes 0.50 moderate 0.25 8.09

Monocytes 0.76 strong 0.58 16.13

WBCs: white blood cells; MNC: mononuclear cells.

Table III - MCP concentrate characteristics (mean ± SEM) as 
determined by flow cytometry

MCP volume, mL 99.35±0.58

WBCs (×109/L) 41.89±1.25 

WBCs (×106/kg) 71.76±2.35 

WBCs (×109) 4.15±0.12 

MNCs (×109) 3.25±0.10

MNCs (×106/kg) 55.32±1.74

MNCs (%) 81.29±1.85

Neutrophils (%) 18.72±1.85

Lymphocytes (×106/kg) 41.12±1.35

Lymphocytes (%) 61.60±1.69

Monocytes (×106/kg) 14.20±0.80

Monocytes (%) 19.69±0.79

MCP: mononuclear cell products; WBCs: white blood cells; MNC: mononuclear 
cells; SEM: standard error of the mean.

© SIM
TIP

RO Srl



154

Kartal O et al 

Blood Transfus 2024; 22: 150-156  doi: 10.2450/BloodTransfus.442

Concerning neutrophils the expected weak correlations 
were observed (neutrophils R2=0.13, p<0.0001) (Figure 1C, 
Table V). 

DISCUSSION
Most centers applying the off line system for ECP 
treatment are using protocols with average treatment 
times of more than 140 minutes including collection, 
irradiation and reinfusion of cells11,12,16. The processing 
time of inline ECP has been reported to be rather 
short between 75 and 133 minutes11,13,15. Aim of the 
present retrospective study was to evaluate an 
off line ECP system by focusing on monocyte and 

lymphocyte enrichment in MCP with the hypothesis 
that the processing time can be reduced in view of high 
collection efficiency. 
As expected, our MCP contained high amounts of 
lymphocytes and monocytes. CE of MNC was over 60%, 
confirming previously reported data for the inline system 
by Piccirillo et al. However, our results  are considerably 
higher compared to 35% CE in the reported off line 
system11. These differences may be explained by the fact 
that Piccirillo et al. used the MNC program of the Spectra 
Optia with a dual-stage separation. In this report, we 
evaluated the cMNC program with continuous collection 

Figure 1 - Linear regression between cell counts in peripheral blood and in MCP
A) white blood cells (WBCs), B) mononuclear cells (MNCs), C) neutrophils, D) lymphocytes and E) monocytes.© SIM
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of cells and a buffy coat collection rate of 1 mL/min and 
could confirm previous results showing a higher CE for 
the cMNC protocol18. Del Fante et al. obtained a similar 
MNC collection efficiency of 58.7% for the cMNC protocol 
and 42.1% for the MNC protocol, respectively.
In the present study, the collection of lymphocytes 
and MNCs per kg body weight (BW) resulted in values 
considerably higher than MNC counts described for the 
inline ECP system11. In the study by Piccirillo et al., the 
inline system resulted in 25×106 MNCs per kg BW, while the 
off line system showed a yield of 48×106 MNCs per kg BW.
Worel et al. defined a lymphocyte threshold of 
8.4×106/ kg and a MNC threshold of 13.9×106/kg treated per 
single procedure associated with clinical response to ECP 
after 1 month8. These thresholds are more than 70% lower 
than collection yields resulted from the off line system 
with the Spectra Optia device in our study. Therefore, 
we conclude that the TBV in the off line setting can be 
substantially reduced in order to shorten the entire ECP 
processing time. 
ECP guidelines recommend two consecutive treatments 
as one treatment cycle1-3. However, a treatment schedule 
of lengthy off line ECP procedures on two consecutive days 
with processing two TBV in each therapy session should 
be put into question.  Performing a one-day off line ECP 
schedule processing one TBV might have a similar clinical 
response, as indicated in the retrospective study of Cid et 
al., which showed that this new ECP schedule is efficacious 
and safe for GvHD patients19. An additional reduction of 
the processing time could further increase the comfort for 
patients in need of ECP while maintaining the intended 
therapeutic effects. Further prospective clinical studies 
are needed to corroborate these speculations. 
In the present study, the MNC fraction within collected 
cells was high and a moderate to high correlation 
between peripheral blood cell counts of patients and 
cell doses in the MCP was observed. This finding is 
comparable to data of MNCs collected with the Optia 
device in other studies11-15. The relative amount of MNC 
in the off line as well as in the inline MCP of recently 
published data show a high range of variation. This 
might be attributed to patient variability but might also 
be a result of inaccurate quantification of cell types by 
means of conventional hematology analyzers. In our 
study, the Sysmex XN-9000 device detected variable 

results for the differentiation of WBCs, therefore 
additional f low cytometry analyses were applied. 
Our retrospective study has some limitations: Even though 
162 ECP procedures were included, the number of patients 
(No.=10) is rather small. However, we included patients 
with different diseases to have a better distribution of 
peripheral blood counts. Furthermore, this retrospective 
study does not directly compare MCP data from an off line 
with an inline system. In addition, our study does not 
include data regarding the clinical response of patients 
to ECP treatment due to the retrospective study design. 
So far, we compared our results with published data 
regarding the application of inline collection procedures 
of other apheresis centers11,13,15, but a direct prospective and 
randomized comparison of both procedures is currently 
planned.

CONCLUSIONS
This is one of the few reports of ECP collection data 
focusing on the main leukocyte types in the MNC fraction 
by f low cytometry and therefore these data show a more 
precise composition of MCP in off line ECP compared 
to conventional blood cell counting. In addition, we 
corroborate published data that revealed a more efficient 
collection of MNCs in the off line setting with high yields 
of lymphocytes and monocytes when compared to the 
inline ECP system. These differences are due to the 
fact that the off line system uses a different protocol 
with a higher processed blood volume than the inline 
system (1 TBV vs 1,500 mL). Comparing our results with 
published data of the inline system, we conclude that 
the collection of MNCs can be substantially shortened 
and that there is no need to process two TBV per single 
treatment on two consecutive days as recommended 
by official guidelines1-3. This change of schedule would 
lead to a reduced treatment related burden for patients, 
not only because of a reduced processing time but also 
due to a reduction of ACD volume during off line ECP. 
Further randomized prospective studies focusing on 
the clinical response to the different ECP systems are 
planned to define the minimum cell dose needed.
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