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Abstract
Introduction. Regulatory T cells (Tregs) are a unique CD4+ T cell subset involved in the regulation of immune 
responses. The traditional immunophenotype used to define Tregs includes CD4+CD25high and the expression of 
the transcription factor Forkhead box protein 3 (FoxP3). A complex technique of intracellular staining, transient 
upregulation of FoxP3 in activated conventional T lymphocytes (Tcons), and the omission of naïve CD45RA+ 
Tregs with downregulated FoxP3 activity but a demethylated FOXP3 promoter region may lead to inaccurate 
quantification. In an attempt to meet the need for a reliable and simplified enumeration strategy, we investigated 
different membrane markers to capture the entire Treg compartment and to identify subpopulations of Tregs. 
Material and methods. Analyses were performed on whole blood. Tested gating strategies were based on the 
expression of the following membrane antigens: CD45, CD3, CD4, CD25, CD127, CD26, CD6, CD39, CD71, 
HLA-DR, CD45RA and CD31. Double controls with FoxP3 were performed. 
Results. The final enumeration panel consisted of the membrane markers CD45, CD3, CD4, CD25, CD127, 
CD26, CD39, CD45RA and CD31. A deep analysis of T cells with the CD4+CD25+CD127low/-CD26low/-CD45RA- 
immunophenotype revealed high expression of FoxP3 and/or CD39, while cells with the naïve immunophenotype, 
CD4+CD25+CD127low/-CD26low/-CD45RA+, presented lower expression of suppressor markers. Antigen CD31 
is considered to be a valuable membrane marker of thymus-derived Tregs.
Conclusions. The presented 9-color panel that can be easily applied in laboratories enables reliable enumeration 
of Tregs with additional information about the functionality, maturity and origin of T regulatory cells. (Folia 
Histochemica et Cytobiologica 2021, Vol. 59, No. 2, 75–85)

Key words: T regulatory cells; enumeration; flow cytometry; 9-color panel; CD31

https://orcid.org/0000-0002-1593-8005
https://orcid.org/0000-0001-8827-1347
https://orcid.org/0000-0001-9711-2372
https://orcid.org/0000-0002-0063-4404


76 Agnieszka Piekarska et al.

www.journals.viamedica.pl/folia_histochemica_cytobiologica

©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2021
10.5603/FHC.a2021.0014
ISSN 0239-8508, e-ISSN 1897-5631

Introduction

Regulatory T cells (Tregs) are a unique CD4+ T 
cell subset involved in the regulation of immune re-
sponses. This subpopulation is fundamental for the 
development of immune tolerance after allogeneic 
hematopoietic cell transplantation (alloHCT) [1]. 
There are also many reports showing a correlation 
between clinical response to therapies applied in 
certain inflammatory conditions and increasing levels 
of circulating Tregs [2]. Extracorporeal photopheresis 
(ECP), offered to patients with graft-versus-host dis-
ease (GVHD) resistant to standard immunosuppres-
sive therapy, is one of the best examples [3–5]. Among 
the complex mechanisms of immunomodulation pro-
moted by ECP, the induction of Tregs seems to play 
a crucial role [6, 7]. In addition to the measurement 
of the clinical response to therapies influencing the 
expansion of Tregs, the evaluation of immunological 
status during treatment would give additional argu-
ments for the maintenance or modification of immu-
nosuppressive treatment [8–12]. Therefore, clinicians 
have highlighted the need for a reliable and accurate 
strategy for Treg enumeration and monitoring that 
can be applied in routine everyday practice [13].

The transcription factor Forkhead box protein 3 
(FoxP3) is a traditional marker for the identification 
of Tregs with suppressor activity by flow cytometry. 
Given that FoxP3 is an intracellular molecule, its de-
tection requires a complex technique of fixation and 
permeabilization, which may give inaccurate quan-
tification owing to inevitable cell loss and reduced 
fluorescence of the antibody conjugates [14, 15]. 
DURAClone staining technology reduces pipetting 
errors and stabilization issues but it is not available 
in every laboratory [15, 16]. Moreover, flow cytome-
try may not be sensitive enough to detect all FoxP3 
proteins, and activity below the level of detection 
is omitted. The results vary and may be difficult to 
compare among different laboratories or over time 
in the same laboratory. Moreover, quantification is 
imprecise because FoxP3 is transiently upregulated 
in activated effector T lymphocytes (conventional T 
cells; Tcons) [17]. CD127 antigen has been described 
as a surrogate marker of FoxP3 because there is an 
inverse correlation between CD127 and FoxP3 expres-
sion [16, 18]. However, it has also been demonstrated 
that T lymphocytes of phenotype CD25highCD127low/- 
with FoxP3low/- are equally suppressive [19–21]. Addi-
tionally, naïve CD45RA+ Tregs with downregulated 
FoxP3 activity have “hidden” but stable suppressor 
potential, as demonstrated by high levels of FOXP3 
mRNA and a demethylated FOXP3 promoter region 
[22, 23]. Taking these data together, FoxP3 expression 

is not always sufficient for the identification and enu-
meration of circulating functional Tregs in humans, 
and the expression of CD4+CD25+CD127low/- seems 
to be more accurate for this purpose [16, 24].

We aimed to investigate the membrane antigens 
that would give comparable and reliable enumeration 
of the entire Treg compartment and the identification 
of Treg functional subpopulations. 

Materials and methods

Design of the marker molecules’ panel. The backbone panel 
contained antigens CD25 and CD127 and CD45RA, gated 
on CD45+CD3+CD4+ cells. Antigens CD25 and CD127 
are utilized to identify Tregs in many laboratories, but this 
simplified analysis seems to be insufficient [19, 20, 25]. 
Therefore, the tested panel was widened with the antigens 
CD26, CD6, CD39, CD31, and HLA-DR, and a double 
control with FOXP3, to better characterize the gated sub-
groups. The choice of CD26, CD6 and CD39 was justified 
because these specific surface markers were already tested 
for the isolation of Tregs by cell sorting, e.g., for therapeutic 
purposes. The suppressor activity of those sorted cells was 
already validated [25–27]. The choice of antigens CD45RA 
and CD31 was designed to distinguish naïve Tregs from 
effector/memory Tregs, and thymus-derived (t)Tregs from 
induced, periphery-derived (p)Tregs [22, 28]. The expression 
levels of CD71 and HLA-DR were included as activation 
markers [29].

Blood samples. Twenty-one peripheral blood samples were 
collected from healthy volunteers into vacutainers with 
EDTA as an anticoagulant. The final panel was tested on 
blood samples from 10 patients treated for chronic GVHD 
after alloHCT. All analyses were performed on whole blood. 
The study was conducted in conformance with the latest 
Declaration of Helsinki ethical guidelines and was approved 
by the Bioethical Committee of the Medical University of 
Gdansk (decision number NKBBN/413/2016).

Flow cytometry and sample analysis. Samples comprising 
200 μl of whole blood were incubated with the following 
antibodies/conjugates in various combinations depend-
ing on the staining protocol tested: CD3-BV421 (clone 
UCHT1), CD45-BV510 (clone H130) (both from BioLeg-
end), CD4-PECy7 (clone SK3), CD25-PerCP Cy5.5 (clone 
M-A251) (both from Beckman-Coulter), CD26-FITC (clone 
M-A261), CD31-PE (clone WM59), CD39-PE-CF594 
(clone TU66), CD39-PE-CF594 (clone TU66), CD39-
APC (clone TU66), CD6-Alexa Fluor 647 (clone M-T605), 
CD45RA-Alexa Fluor 700 (clone HI100), CD127-APC-H7 
(clone R3434), and CD3 Pacific Blue (clone UCRH1) (all 
from BD Biosciences). Incubation was followed by cell 
lysis with a solution of ammonium chloride and two washes 



77Enumeration of regulatory T cells with membrane markers

www.journals.viamedica.pl/folia_histochemica_cytobiologica
©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2021
10.5603/FHC.a2021.0014
ISSN 0239-8508, e-ISSN 1897-5631

before cell resuspension. Specimens with membrane stain-
ing proceeded to the acquisition step. Samples requiring 
intracellular staining were fixed and permeabilized with 
Fix/Perm Buffer and washed with the Perm Buffer from  
a FoxP3 staining kit (eBioscience). Staining with FoxP3-PE 
(clone PCH101; eBioscience) was performed in Perm Buffer 
before cytometer acquisition. 

For the data obtained at the University of Toulouse 
(Toulouse, France), cells were acquired on 10-color Navios 
(Beckman Coulter). For the data obtained at the Medical 
University of Gdansk (Gdansk, Poland), cell acquisition was 
performed on a Becton Dickinson 12-color BD FACSLyric™. 
Data were analyzed with the use of Kaluza software (ver-
sion 2.1).

Statistical analysis. Statistical data (absolute counts and 
percentages of gated cells within the quadrants) obtained 
from Kaluza software were copied into spreadsheets. De-
scriptive statistics, medians, and ranges were calculated using 
Statistica version 13.1 (StatSoft).

Results

One positive marker (CD25) and one negative 
selection marker (CD127 or CD26 or CD6) enable 
comparable initial gating
As the first step, we gated potential Tregs using 
combinations of one positive marker CD25+ and 
one of the tested negative markers, CD26low/-or 
CD127low/- or CD6low/-, within the CD45+CD3+CD4+ 

Figure 1. Comparison of three dot plots for initial Treg gating. A. Presentation of initial gating based on the CD25 expression 
and one of three negative Treg-associated markers (CD127 or CD26 or CD6); B. FoxP3 and CD39 expression of cells gated 
on CD25-positivity and negative Treg-associated markers (CD127 or CD26 or CD6)

cells (Fig. 1A). The median percentage of gated 
cells was 5.6% (range 2.7–11%). The level of expres-
sion of FoxP3 and CD39 was used to test different 
initial gating strategies. The rates of FoxP3+ and/ 
/or CD39+ cells were 80.8%, 87.5% and 85.2% in 
gates CD127low/-, CD26low/- and CD6low/-, respective-
ly (Fig. 1B). The differences were not significant. 
Therefore, we decided to use a backbone panel 
based on the expression of CD25 and CD127, which 
has been already validated and approved in many 
laboratories.

Almost overlapping high fluorescence intensity 
of FoxP3 and CD39 within the subpopulation 
CD45RA-

In the next analysis, we compared the fluorescence 
intensities of FoxP3 and CD39 within the gated poten-
tial Tregs with the positive or negative expression of 
CD45RA. Treg gating was based on the three tested 
initial gating strategies described above. We found  
a high percentage of FoxP3+ (50.3%; range 34.2–
57.4%) and CD39+ cells (53.1%; range 45.9–58.9%) 
within gated CD45RA- cells. A low percentage 
of CD45RA+ cells demonstrated the expression  
of FoxP3 or CD39 (3%; range 0.3–10.6%). The rates 
differed depending on the gating strategy but the 
differences were not statistically significant (data 
not shown graphically). This finding was additional 
proof that a panel based on the expression of CD25 
and CD127 was a suitable backbone for further tests.
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The CD26int/high population is more suitable  
than the CD6int/high population for the exclusion  
of contamination with Tcons 
As the next step, we performed a comparison of ad-
ditional membrane staining with anti-CD26 and an-
ti-CD6 antibodies to eliminate cells with the CD26int/high  
or CD6int/high phenotype, representing the Tcons, from 
the final enumeration. The CD26int/high population 
appeared to be more evident to exclude undesired 
cells than the CD6int/high population owing to a clear 
cut-off of Tcons from the final count. Moreover, the 
percentage of FoxP3-CD39- cells was higher (26% vs. 
16%) in gating based on CD26 membrane expression 
suggesting more adequate elimination of Tcons. The 
graphical presentation of this comparative gating is 
presented in Figure 2. 

CD39 is a valuable marker to replace FoxP3
In most analyses, we compared the expression of 
CD39 with FoxP3. Among the gated highly suppres-
sive cells (CD25+CD127low/-CD26low/-CD45RA-) ex-
pressing CD39+, 90.9% were also FoxP3+. Moreover, 
92.3% of the cells were either CD39+ or FoxP3+. In 
contrast, CD45RA+ cells were a small subset within 
the gated CD25+CD127low/-CD26low/- cells character-
ized by low expression of FoxP3+ and/or CD39. One 
example of the histograms is presented in Figure 3. 

CD31 is a valuable marker of thymus-derived Tregs 
(tTregs)
The next step was to define the origin of Tregs by the 
membrane expression of CD31+ (tTregs vs. peripheral 
Tregs with extrathymic origin; pTregs) and to check 
the state of activation. 

A higher number of CD31+ Tregs was detected 
within the compartment of the naïve immunopheno-
type identified by the positive expression of antigen 
CD45RA. Among the naïve CD45RA+ Tregs, CD31+ 
cells were predominantly represented by a subgroup 
lacking the expression of CD39 (median 39.1%). 
CD31+CD39+ cells were detected in 1.4% of gated 
CD45RA+ Tregs. However, the median rates of 
CD31+CD39- and CD31+CD39+ within the CD45RA- 
cells were comparable: 9.2 and 8.7%, respectively.

The expression of the activation marker CD71 
was weak in unstimulated lymphocytes. Therefore, 
we decided to proceed with HLA-DR (the late ac-
tivation marker) staining. This staining was more 
apparent within the effector CD45RA- Tregs. Among 
CD4+CD25+CD127low/-CD45RA-HLA-DR+ effector 
Tregs, 95% were CD39+ cells and none were CD31+ 

cells, in contrast to naïve CD4+CD25int/highCD-
127low/-CD45RA+ Tregs, which were all HLA-DR 

negative, with 95% of cells being CD39- and 41% 

being CD31+. The graphical presentation is shown in 
Figure 4. Anti-HLA-DR staining was used to check 
the activation status of gated Treg subsets but was 
not used for the final enumeration panel to simplify 
the analysis.

Gating strategy to enumerate circulating Tregs
Using a gating strategy based on lymphocytes, 
CD25+CD127low/- versus CD25+CD26low/-, we captured 
a similar number of cells within CD45+CD3+CD4+ 
cells: 5.4% (range 3.2–10.7%) and 5.6% (range 
3.1–11%), respectively. Moreover, the numbers of 
cells that were CD45RA+, CD45RA-, CD39+ and 
CD31+ within the gated population were comparable. 
However, the final strategy to count the whole com-
partment of Tregs uses the CD26low/- population within 
CD25+CD127low/-, from the gated CD45+CD3+CD4+ 
cells, to exclude accidental contamination with 
activated Tcons more precisely. Lymphocytes are 
gated on a CD45/SS dot plot, then CD4+ T cells 
(CD3+CD4+ cells) are gated on a CD3/CD4 dot plot. 
Tregs are initially identified as CD25+CD127low/- on 
a CD25/CD127 dot plot. The next step is to exclude 
cells with intermediate or high expression of CD26 
that is very obvious on a CD45RA/CD26 dot plot 
(among CD25+CD127low/-). The cells detected after 
the elimination of CD26+ cells are taken to calculate 
the total number of Tregs. This gate is also a first step 
to identify different Treg subsets: two quadratic gates 
should be placed to discriminate effector/memory 
(CD45RA-CD26low/-) and naïve Treg (CD45RA+CD-
26low/-) cells on a CD45RA/CD26 dot plot. The next 
step to better characterize Treg subsets is to check 
CD31 and CD39 expression within these two gates. 
The graphical presentation of the gating strategy for 
the enumeration panel is presented in Figure 5. 

The presented rates of total Tregs and Treg subsets 
were calculated from CD4+ T cells. The numbers of 
total Tregs and Treg subsets are expressed as the 
percentage of the lymphocyte gate from the CD45/SS  
cytogram. Absolute values were calculated by mul-
tiplying these percentages by the number of lym-
phocytes in a microliter of blood, determined on  
a hematology analyzer.

With the use of our gating protocol, the median 
absolute count was 66.4 (range 22.8–162.7) cells/μl. 
The median rate within CD4+ and the median abso-
lute count of Tregs expressing CD39 was 2.4% (range 
1–8.7%) and 18.5 (1.7–84.5) cells/μl, respectively. 

A trial analysis of the panel performed in 10 
patients with a moderate or severe form of chronic 
GVHD (cGVHD) showed a lower median percentage 
within CD4+ cells and absolute values of Tregs: 5.1% 
(range 2.1–15.8%) and 33.6 (range 15.3–91.5) cells/μl,  
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Figure 2. Comparison of two gating strategies based on the exclusion of CD26+ or CD6+ T-cells from the final Treg enumeration 
protocol. Lymphocytes are gated on a CD45/SS dot plot, then CD4+ T cells (CD3+CD4+ cells) are gated on a CD3/CD4 dot plot. 
Tregs are initially identified as CD25+CD127low/- on a CD25/CD127 dot plot. The next step is to exclude cells with intermediate or high 
expression of CD26 (A) on a CD45RA/CD26 dot plot (among CD25+CD127low/-) or with intermediate or high expression of CD6 (B) on 
a CD45RA/CD6 dot plot (among CD25+CD127low/-). The three quadratic gates represent the following: the upper gate includes Tcons 
by either high/intermediate expression of CD26 or CD6; the lower left includes memory/effector Tregs; and the lower right includes 
naïve Tregs. The comparative expression of CD31 and CD39 within these quadratic gates of two gating protocols is also provided.
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Figure 3. Comparison of FoxP3 and CD39 expression. A. Histograms showing comparable count of cells expressing FoxP3 
and CD39 within a compartment of CD25+CD127low/-CD26low/-CD45RA- (26-RA-) Tregs with a compartment of CD25+C-
D127low/-CD26int/highCD45RA+ (26+) T cons; B. Histograms showing comparable count of cells expressing FoxP3 and CD39 
within a compartment of CD25+CD127low/-CD26low/-CD45RA- (26-RA-) cells (memory/effector Tregs) with a compartment 
of CD25+CD127low/-CD26low/-CD45RA+ (RA+) cells (naïve Tregs).

Figure 4. Expression of HLA-DR (the late activation marker) on Treg subsets. A left CD45RA/HLA-DR dot plot represents 
Tregs subsets gated from lymphocytes by the CD3+CD4+CD25+CD127low/- immunophenotype. The three dot plots on the 
right present a comparison of CD31 and CD39 expression among naïve Tregs (CD45RA+HLA-DR-) and among effector/ 
/memory Tregs (CD45RA-) with a positive late activation marker (HLA-DR+) and with negative HLA-DR expression.

respectively. Differences between volunteers and the 
GVHD patients were especially visible in absolute 
values of Treg subsets. The summarized results for 
Tregs in healthy donors and patients with chronic 
GVHD are presented in Table 1.

Discussion

Tregs are a small subset of CD4+ T lymphocytes but 
they play a crucial role in maintaining the balance of 
the immune system. In transplant medicine, Tregs 
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Figure 5. The enumeration panel and the final gating strategy. Lymphocytes are gated on a CD45/SS dot plot, then CD4+ 
T cells (CD3+CD4+ cells) are gated on a CD3/CD4 dot plot. Tregs are initially identified as CD25+CD127low/- on a CD25/ 
/CD127 dot plot. The next step is to exclude cells with intermediate or high expression of CD26 on a CD45RA/CD26 dot 
plot (among CD25+CD127low/-). The cells detected after the elimination of CD26+ cells are taken to obtain the total num-
ber of Tregs. In the CD45RA/CD26 dot plot, the lower two quadratic gates are placed to discriminate effector/memory 
(CD45RA-CD26low/-) and naïve Tregs (CD45RA+CD26low/-). The next step to characterize Treg subsets is to check CD31 and 
CD39 expression within these two gates.
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Table 1. Comparison of percentages and absolute values of Tregs in healthy donors and patients with chronic GVHD

T regulatory cells Phenotype within 
CD45+CD3+CD4+

Healthy donors
Median (range)

Patients with cGVHD
Median (range)

Normal range Units

Total CD25+CD127-/low 

CD26-/low

5.4 (3.2–10.7)
66.4 (22.8–162.7)

5.1 (2.1–15.8)
33.6 (15.3–91.5)

4–10.7
20–126.3

% (in CD4+)
cells/μl

Effector/
/Memory

CD25+CD127-/low 

CD26-/low CD45RA-

3.8 (1.3–10.3)
43 (15.6–81.4)

4.6 (2.1–14.7)
25.8 (15–63.6)

2.4–8.7
14.3–88.3

% (in CD4+)
cells/μl

Naïve CD25+CD127-/low 

CD26-/low CD45RA+

1.4 (0.4–5.0)
16.9 (2.2–103.5)

0.8 (0.04–2.0)
4.4 (0.2–28.0)

0.4–4.5
2.3–54.0

% (in CD4+)
cells/μl

Highly suppressive CD25+CD127-/low 

CD26-/low CD39+

2.4 (1–8.7)
18.5 (1.7–84.5)

2.7 (0.8–4.7)
15.7 (7.3–45.2)

% (in CD4+)
cells/μl

Thymus emigrants CD25+CD127-/low 

CD26-/low CD31+

1.5 (0.8–4.2)
16.3 (4.6–88)

1.4 (0.3–4.2)
8.6 (1.2–29.5)

% (in CD4+)
cells/μl

are responsible for the induction of the immuno-
tolerance that preserves the transplanted organ or 
tissue. This T-cell subset prevents GVHD develop-
ment after HCT [1, 30]. The identification of Tregs 
is beneficial for clinical purposes, e.g., to monitor 
immune responses to immunomodulating therapies 
after HCT, to isolate and to sort viable regulatory 
cells for tolerance-inducing therapies or to eliminate 
tumor-infiltrating Tregs and activate anti-tumor im-
mune responses. A growing need to find a reliable 
and accurate method to identify a Treg compartment 
inspired us to design a simple protocol that could 
be used in flow cytometry laboratories as a routine 
analytical procedure [13]. 

Tregs in humans are heterogeneous in both immu-
nophenotype and function. They consist of subsets of 
highly suppressive, terminally differentiated effector 
or activated Tregs and naïve or resting Tregs with 
hidden suppressive potential [22, 31]. This population 
is also diversified according to its origin into natural 
tTregs and induced Tregs that differentiate upon 
exposure to an antigen under tolerogenic conditions 
in peripheral tissues (pTregs) [32–34]. There are also 
Tcons deprived of suppressive activity that secrete 
pro-inflammatory cytokines but, upon activation, they 
are able transiently to upregulate FoxP3 [17]. The 
nuclear localization of FoxP3 makes the permeabi-
lization of cellular and nuclear membranes necessary 
for FoxP3 detection, and this may lead to inaccurate 
enumeration due to cell loss and the omission of cells 
with low FoxP3 fluorescence intensity [14]. During 
the last decade, several Treg-associated membrane 
markers have been identified, and their ability to 
isolate functional Tregs has been tested primarily in 
the context of cell sorting. Following these studies, 
some of the well-known surface antigens were chosen 
and tested by us in various combinations.

The CD25 antigen (alpha-chain for the interleukin 
(IL)-2 receptor) is a primary cell-surface marker for 
Tregs, but its high expression on CD4+ cells means 
that it cannot be used as the sole criterion to capture 
Tregs because even a pure CD4+CD25high population 
contains substantial contamination with proinflam-
matory T cells [35, 36]. Therefore, additional selective 
markers are needed. Tregs exhibit consistently low 
expression of CD127- alpha chain for the IL-7 recep-
tor. The low/negative expression of CD127 antigen 
has been tested in combination with CD4 and CD25, 
showing high levels of FoxP3 and a strong correlation 
with T cells expressing CD4+CD25+FoxP3+ [16, 20, 
24]. Moreover, CD4+CD25+CD127low/- cells express-
ing a low level of FoxP3 remain strongly suppressive 
[19]. Similarly, the low/negative CD6 expression is 
indicated to be another Treg-associated marker. Cells 
sorted by the CD4+CD25highCD127low/-CD6low/- immu-
nophenotype showed high enrichment of FoxP3+ 
cells and high in vitro suppression activity [26]. The 
use of CD6 as a negative Treg marker was tested in 
our study in comparison with CD26 and gave com-
parable results. However, for the sake of simplicity, 
in the final enumeration strategy, the elimination 
of CD26+ cells appeared to be more apparent than 
that of CD6+ cells. In turn, the CD26 antigen is an 
extracellular peptidase that is upregulated in CD4+ 
effector T cells, in contrast to CD127, which is not 
upregulated upon activation [27]. Following this 
path, because negative/low CD26 expression enables 
distinction between activated Tcons and Tregs, CD26 
was chosen for the final gating strategy. Another 
tested marker, the CD39 antigen, is ectonucleoside 
triphosphate diphosphohydrolase 1, which hydro-
lyzes extracellular ATP and ADP to AMP. CD39 is 
presented in the literature as defining a Treg subset 
with a frequency and expression level that correlate 
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with those of FoxP3 in CD4+ T cells [25]. A compar-
ison performed in our analyses confirmed the almost 
overlapping expression of FoxP3 and CD39 in cells se-
lected by other cell-surface Treg-associated markers.

We found high expression of FoxP3 and CD39 
within the CD45RA- subpopulation and low expres-
sion within the CD45RA+ subpopulation, which is in 
agreement with data from the literature [22]. Howev-
er, low expression of suppressive markers FoxP3 and 
CD39 did not deprive a naïve CD45RA+ subset of the 
Treg compartment in our study. It was demonstrated 
that CD4+CD127low/-CD25+CD45RA+ cells have  
a stable TSDR (T-cell specific demethylation re-
gion) demethylated phenotype [22, 31]. Naïve Tregs 
express CD127 antigen at reduced levels and CD25 
antigen at lower levels than memory Tregs express, 
which is why cells with intermediate expression of 
CD25 and low expression of CD127 were captured 
in our analyses [37].

Taking into account the expression of CD31 
antigen, we intended to identify a Treg subpop-
ulation that is especially interesting in the HCT 
setting. CD31 (platelet endothelial cell adhesion 
molecule; PECAM-1) was included as a marker 
to identify CD4+ recent thymus emigrants (RTEs) 
that may persist in circulation expressing CD31. In 
a study by Douaisi et al., most egress-capable mature 
CD45RA+ single-positive (SP) CD4+ thymocytes 
express CD31; however, FoxP3-expressing cells in 
the thymus are overrepresented within the CD31- 
semimature CD45RA-CD4 SP subset displaying 
enhanced levels of activation markers, while among 
mature CD45RA+CD4 SP thymocytes, the frequency 
of the FoxP3+ cells is similar in CD31- and CD31+ 
subsets [28]. It is hypothesized that CD31- semi-
mature CD45RA-CD4 SP thymocytes re-express 
CD31 upon the completion of their maturation 
and the acquisition of CD45RA, egressing from the 
thymus as RTEs. However, it cannot be excluded 
that a subset of CD31-CD45RA+CD4+ thymocytes 
can egress from the thymus and become difficult to 
distinguish from the naïve peripheral CD31-CD4+ 
T cells. Generally, the expression of CD31 is down-
regulated upon T-cell receptor activation and cell 
division. To distinguish highly suppressive Tregs 
(effector/memory Tregs) from naïve or resting cells 
with suppressive potential, we used the membrane 
markers CD45RA, CD31, and CD39. Within cells 
with the naïve immunophenotype CD45RA+ (ba-
sically CD39-HLA-DR-) we could identify CD31+ 
tTregs that are RTEs and CD31- that would be 
extrathymic pTregs, but according to the data cited 
above, the thymic origin cannot be excluded. In 
turn, within CD4+CD25+CD127low/-CD26low/- cells,  

we identified effector highly suppressive Tregs 
defined as having the CD45RA-CD31-CD39+ im-
munophenotype, and activated tTregs after the 
transition to CD45RA-CD31+CD39+ effector cells, 
while cells with the CD45RA-CD31-CD39- phenotype 
could be a memory resting pool of pTregs or tTregs 
with a transiently downregulated suppressive marker.  
A deeper insight into the Treg subpopulation is espe-
cially exciting for transplantation physicians because 
highly activated CD45RA-CD39+FoxP3+ Tregs 
traffic into tissues involved in cGVHD-related pro-
cesses, where they play a suppressive function while 
naïve CD45RA+ Tregs control cGVHD effectors 
[38]. Another interesting issue refers to a hypothesis 
that the maintenance of the naïve Treg compart-
ment may be predominantly thymic-independent, 
with a strong role of IL-7 dependent signaling 
[39]. Clinical improvement following ECP or other 
Treg-enhancing immunomodulatory therapies in 
patients with GVHD supports this thesis. There are 
data showing that clinical amelioration correlates 
with increasing levels of Tregs, despite the debili-
tating alloimmune processes involving the thymus 
that occur in the course of GVHD [6–8, 12]. On  
a laboratory basis, shifts within the CD4+ and Treg 
compartments could be efficiently evaluated with 
the use of our protocol in patients suffering from 
cGVHD who undergo immunomodulatory treat-
ment. Eight of the 10 patients had been treated with 
ECP for more than 1 year, with partial remission of 
skin manifestations of GVHD at the time of our Treg 
analyses. Their results vary, but the median values are 
generally lower when compared with those of healthy 
volunteers, especially the naïve Tregs compartment. 
However, further tests in patients with cGVHD are 
required to record the shifts of Treg subsets upon 
treatment on the timeline. 

The final results of Treg enumeration were pre-
sented as both a percentage of CD4+ cells and an 
absolute count per microliter in whole blood. The 
literature suggests that it is essential to provide both 
values to show real differences [13]. After HCT, the 
Treg/CD4 ratio is reported to be altered in patients 
with severe GVHD and in cases of relapse, while the 
reconstitution of Tregs achieves the highest absolute 
numbers in patients without GVHD [40].

In summary, the final panel we propose gives the 
possibility of obtaining reproducible and comparable 
results when capturing an entire Treg compartment 
in whole blood. Moreover, it enables insight into Treg 
subsets. With the use of the additional cell-surface 
markers CD45RA and CD31, the panel gives addi-
tional information about the functionality, maturity 
and origin of Tregs.
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