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1 | INTRODUCTION
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Abstract

Regulatory T cells (Tregs) play a critical role in the maintenance of a pregnancy.
While the kinetics of the number of peripheral blood Tregs has been satisfactorily
described in mouse models, analysis of these cell populations in human pregnancy
is complicated by high variability in the quantity of Tregs and inconsistencies in
the markers used for detecting different types of Treg. In the light of this, we set
out to investigate the kinetics of various types of Treg, including CD45RA,
GARP and PD-1(+) Tregs, in the peripheral blood of pregnant women in the first,
second and third trimester, and at the time of delivery. Tregs, defined as a CD4
(+)CD25(++)CD127(dim)Foxp3(+) population of leucocytes, were detected using
flow cytometry. Natural thymus-derived Tregs and induced Tregs in the peripheral
blood were distinguished by the expression or absence of a Helios marker, respec-
tively. Our results showed that during normal pregnancy the sizes of various Treg
subpopulations varied across women and also in an individual woman did not
remain constant but varied significantly, most notable being the decrease observed
at the time of delivery. Helios(—) cells were significantly less frequent in the
peripheral blood of healthy pregnant women than Helios(+) cells, and the majority
of Tregs were Helios(+)PD-1(+) Tregs.

Several mechanisms have been proposed to be responsi-

Pregnancy is a biological process that requires continuous
modulation of the mother's immune system, enabling the
semi-allogeneic foetus to be carried. Throughout gravidity,
the mother's immune cells must maintain a state of immuno-
logical tolerance, while at the same time the capacity to pro-
tect the host from pathogens and to control any resulting
inflammation must not be compromised. A balance between
immune tolerance and immune activation is thus required.

ble for the host's tolerance of the foetus, including a network
of various immune cell populations and molecules. Among
them, CD4"CD25*Foxp3* T regulatory cells (Tregs) play
an essential role. The importance of the Treg population for
successful pregnancy has been confirmed in human as well
as animal models. For example, the level of both local and
systemic CD4"CD25" Tregs has been observed to be lower
in spontaneous abortion cases compared with normally
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developing pregnancies.! Furthermore, Jasper et al* detected
a significantly reduced expression of Foxp3 in the endome-
trial tissue of infertile women.

In mouse models, the number of peripheral blood Tregs
increases during pregnancy, reaching a peak at midgesta-
tion, and subsequently decreases to almost background
levels in the final stages, reaching non-pregnant levels at
term or shortly thereafter.>™ The number of Tregs in the
peripheral blood of pregnant women has been reported to
be similar to that observed in animal models.*° However,
methodological inconsistencies—in particular in the use of
markers for the detection of Treg populations—and the
high variability in Treg numbers even in non-pregnant
women complicate the analysis of Treg kinetics during
human pregnancy.” Some studies have even reported
insignificant changes in the frequency of circulatory Tregs
during pregnancy.®®°

Neither the origin of Tregs during pregnancy nor the
precise mechanism of their generation is yet clear. Discrimi-
nations can be made between naturally occurring thymic-
derived Tregs (nTregs) and inducible Tregs (iTregs) generated
in the periphery by the expression of Helios, a member of the
Tkaros transcription factor family.'® Samstein et al'' reported
the key role of iTregs for maternal-foetal tolerance in placen-
tal mammals, and others have stressed the importance of
nTregs.'>'? It is probable that both iTregs and nTregs play an
important role in a successful pregnancy,'*'> although how
exactly they do remains to be determined. Furthermore, both
iTregs and nTregs can be defined by the expression of
CD45RA, which is present only in naive Tregs and not in
effector Tregs.'®

The induction of CD25%Foxp3* cells and development
of the characteristic properties of Tregs require the trans-
forming factor beta (TGF-p).!” TGF-p is secreted by the
latent form in which a mature TGF-$ protein is bound to
the latency-associated peptide. Activated Tregs, but not
other CD4% clones, express glycoprotein A repetitions pre-
dominant (GARP), a transmembrane protein containing leu-
cine-rich repeats. Binding TGF-f to GARP may be
necessary for Tregs to be able to activate TGF-B upon
TCR stimulation."® GARP expression is thus correlated
with the regulatory activity of Tregs.'?

As part of our investigation into the kinetics of circulat-
ing Tregs during pregnancy, the aim of this study was to
determine how the distinct populations of naive Tregs
(CD45RA™) and of GARP* Tregs and the level of TGF-f
varied in the serum of pregnant women, by monitoring
these quantities at three points in time during pregnancy
and then during labour. We also monitored programmed
cell death 1 (PD-1) positive Tregs, as the PD-1/PD-L1
pathway regulates maintenance of foetus tolerance.””

For this study, a cohort of 22 women over the course of
their pregnancy donated blood in the first (6-12 weeks),

second (20-25 weeks) and third (30-35 weeks) trimesters,
and at the time of giving birth. Using FACS analysis, we
determined the expression of markers defining various
degrees of Treg maturation, activation and inhibition, and
determined the quantity of TGF-f, a cytokine polarizing
Treg cell induction in the serum of healthy pregnant
women.

2 | MATERIALS AND METHODS

2.1 | Patients

The study was approved by the Ethics Committee of the
First Faculty of Medicine, Charles University, Prague. All
women included in the cohort read, dated and signed an
Informed Consent Form and were fully apprised of the nat-
ure, significance and implications of the study. Women
with an untreated allergy, autoimmune disease or cancer
were excluded. The cohort consisted of 22 healthy pregnant
women between 26 and 38 years old (mean age 31 years).
Pregnancies were physiological, without complications, and
no developmental defect or intrauterine growth restriction
was diagnosed. All deliveries were without complications,
and each baby was born alive.

Peripheral blood samples were to be collected from each
donor at four time points: at 8-12 weeks of gestation, at
20-25 weeks of gestation, at 30-35 weeks of gestation and
at the time of delivery. From our cohort, 10 women
donated blood at all four time points, 8 at three time points
and the remaining 4 at two time points.

2.2 | Flow cytometry

Peripheral blood samples (3-mL tubes; Vacutainer®Becton
Dickinson, San José, CA, USA) were collected in tubes
containing ethylenediaminetetraacetic acid (EDTA) and
were analysed within 4 hours. The following monoclonal
antibodies (mAbs) were used in this study: anti-CD45
(Krome Orange; Beckman Coulter, Brea, CA, USA; clone
B61840AA), anti-CD4 (Alexa Fluor 700; eBioscience, San
Diego, CA, USA; clone OKT4), anti-CD25 (PE; Beckman
Coulter; clone B1.49.9), anti-CD127 (PE-Cy7; Beckman
Coulter; clone B61544), anti-PD-1 (APC-eFluor 780; eBio-
science; clone eBioJ105), anti-CD45RA (FITC; Beckman
Coulter; clone ALB11) and anti-GARP (PE-eFluor 610;
eBioscience; clone 614D9) as cell surface markers; and
anti-Foxp3 (eFluor660; eBioscience; clone PCH101) and
anti-Helios (eFluor 450; eBioscience; clone 22F6) as intra-
cellular markers. 100 puL of the obtained peripheral blood
sample was used for analysis. Leucocytes were first stained
with mAbs cell surface markers for 30 minutes on ice.
Then red blood cells were lysed by a two-step protocol.
The cells incubated with lysing

were first solution
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EXCELLYSE 1 (Exbio, Vestec, Czech Republic) for
5 minutes, after which deionized water was added for
5 minutes. After washing with PBS, the cells were fixed
and permeabilized by incubation for 30 minutes with a fix-
ation/permeabilization buffer (eBioscience), and were then
stained with anti-Foxp3 and anti-Helios mAbs. Data were
collected on a Navios cytometer, and the results were anal-
ysed using Kaluza 5.1 software (both Beckman Coulter).

goo

Lymphocytes were gated based on both forward and side
scatter parameters. Only singlet cells were used for the
analysis. After gating on CD45 and CD4, a proportion of
Tregs were identified as CD25*"CD127%™Foxp3* cells.
The presence or absence of Helios was used to detect the
population of nTregs and iTregs, respectively. Helios™ and
Helios™ populations were further discriminated by positiv-
ity to CD45RA, PD-1 and GARP. The data were expressed
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FIGURE 1 Gating strategy for the identification of Tregs. Lymphocytes (30 000 events) were gated on FSC/SSC, and after selecting
singlets, Tregs were gated as CD45"CD4+*CD25*CD127dimFoxP3* Tregs. CD45RA, GARP, PD-1 and Helios-positive and Helios-negative
populations were detected from this population (Figure 1A) or from CD457CD4"CD25*CD127dimFoxP3*Helios*/Helios™ cells (Figure 1B)
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as absolute values (ie 106/L). Representative flow cytome-
try dot plots illustrating the gating strategy for detection
and enumeration of subsets are shown in Figure 1.

23 | ELISA

Whole blood was collected from the cubital vein into
Vacutainer® tubes, and serum from each sample was pre-
pared by centrifugation 15 minutes by 1000 g and was
stored at —80°C until use. A human TGF-p1 Quantikine
ELISA kit (R&D Systems, Minneapolis, MN, USA) was
used to quantify the amount of TGF-f1. Acid activation of
serum was performed according to the manufacturer's
instructions. The activated samples were diluted before
measurement; 10 pL of serum was mixed with 190 pL Cal-
ibrator Diluent RD5-53. Quantities were estimated based
on a standard curve generated with recombinant TGF-p1.

2.4 | Statistical analysis

The Prism 5 program (GraphPad Software, San Diego, CA,
USA) was used for statistical analysis, and the data were
analysed using the Kruskal-Wallis test with Dunn's multiple
comparison post-test. All results are expressed as median
values. A value of P < 0.05 was considered statistically
significant.

3 | RESULTS

3.1 | Concentration of TGF-$ in serum and
number of Foxp3™ cells and Helios* or
Helios™ cells in peripheral blood

As Tregs are differentiated under the influence of TGF-p, we
measured the amount of this cytokine in serum prepared from
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the blood of women from our cohort at each of the selected
time points. As shown in Figure 2A, the concentration of
TGF-p showed a significant decrease during the time of deliv-
ery. This finding correlates with the kinetics of the number of
Tregs defined as the CD4"CD25""CD127“™Foxp3* popula-
tion of leucocytes (Figures 2B and 3B).

We measured the quantity of Helios* and Helios™ a mar-
ker suggested to determine the proportion of nTregs and
iTregs, respectively, during pregnancy. The median number
of Foxp3 Helios" cells was greater than that of Foxp3 Helios™
cells over the course of the whole pregnancy (42.13 vs
10.79 x 10°L in the first trimester; 45.41 vs 13.12 x 10°/L
in the second trimester; 45.37 vs 13.89 x 10%/L in the third
trimester and 35.27 vs 11.39 x 10°L at the term of preg-
nancy) (Figure 2C,D), but the kinetics of cell numbers was
similar in both populations. A slight increase in the second
and the third trimester was not significant while there was a
significant decrease in Helios™ cells at the time of delivery.

3.2 | Kinetics of the production of TGF-f
and the number of Foxp3™ cells and Helios™
or Helios™ cells in the peripheral blood of
individual donors

We further analysed the kinetics of TGF-p production dur-
ing pregnancy. The kinetics of TGF-f in the serum differs
from donor to donor, and also concentrations of this cyto-
kine detected in the serum vary in an individual donor over
time. Examples of typical curves are shown in (Figure 3A).

kinetics of TGF-p in the serum were not correlated with
the number of Tregs in the peripheral blood of an individ-
ual donor. Also, no correlation was found between the
kinetics of Helios™ and Helios™ Tregs (Figure 3C,D). The
quantities of positive or negative CD45RA, PD-1 and
GARP cells did not display any distinctive kinetic pattern
during pregnancy, although the median number of
CD45RA*, CD45RA™, PD-17, PD-1- and GARP™ Tregs
decreased at the time of delivery, while the mean number
of CD45RA™ Tregs increased in the third trimester and the
mean number of CD45RA™ Tregs increased in the second
and the third trimester (Figures 2E,F).

3.3 | Comparison of Helios* and Helios™ cell
populations

The size of Helios(+)/Helios(—) populations revealed by
positive expression of CD45RA marker was similar to that
revealed by negative expression of the same marker. With
the exception of Helios " CD45RA™, these cell populations
tended to decrease in size at the time of delivery (Figures
4A,B and 5A,B).

Most Helios™ cells were PD-1", whereas Helios™ cells
were 10 times more frequently PD-1* at each observed
time point (Table 1, Figures 4C and 5C). A decrease in the
entire Helios*/Helios™ PD-1" population was also detected
at the time of delivery. The highest quantity of Helios™PD-
1" was in the first trimester, with decreasing observations
at subsequent time points (Table 1, Figure 4D), whereas

As shown in Figure 3A,B, the individual lines representing the level of Helios"PD-1" remained steady during
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TABLE 1 Absolute counts (10%L) of Helios*/Helios Tregs in
peripheral blood of women in first (6-12 wk), second (20-25 wk) and
third (30-35 wk) trimester of pregnancy, and at the time of delivery.
Statistical analysis showed differences between first trimester and
time of delivery (P = 0.016) in Helios PD-1*Tregs; first trimester
and time of delivery (P = 0.021) and second trimester and time of
delivery (P = 0.020) in Helios*PD-1" Tregs; third trimester and time
of delivery (P = 0.017) in Helios*PD-1*Tregs

pregnancy, with a decrease only observed at the time of
delivery (Table 1, Figure 5D).

Populations positive for the GARP marker consist of a rel-
atively small quantity of cells (1-3 x 10%L) and did not dis-
play any tendency to change during pregnancy or to decrease
at the time of delivery (Figures 4E,F and 5E,F). The median
of both Helios*/Helios™ populations negative for GARP was
larger than for those positive for GARP (Helios"GARP~
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L e Ll approximately 40 times larger and Helios " GARP™ approxi-
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initiated by a decrease in the population of Tregs. However,
data on the presence of maternal Tregs in peripheral blood
during normal pregnancy are highly variable.*'* Further-
more, distinct subsets of Tregs can influence whether the
course of a pregnancy is normal or pathological. It is not clear
how exactly individual Treg populations are involved in the
induction of immune tolerance, or what their potential role in
pathogenesis might be during pregnancy.®®'*% In the present
study, we investigated changes in various distinct Treg popu-
lations in healthy pregnant women. A cohort of pregnant
women from the first trimester to the delivery was followed.
Various markers of maturation, activation and functional
properties of Tregs were used to characterize Treg subsets,
and Tregs were defined as CD4" CD25"CD127%™Foxp3*
cells.

A slight decrease in the total number of circulating
Tregs on the day of delivery was detected. This finding is
with reports.z‘%’m’26 However, the

consistent several

week of pregnancy

Deli
e week of pregnancy

increase reported by some studies in the second trimester
was not confirmed.?!** Furthermore, the quantity of Tregs
in an individual woman does not remain constant but varies
during the course of pregnancy, as shown in Figure 2.

We confirmed a correlation between the level of TGF-f
and the number of Tregs, which supports the importance of
TGF-p for the generation and/or action of Tregs during
pregnancy”’*® and suggests the importance of TGF-f as a
predictive marker for pregnancy complication.

Helios™ Tregs were 4 times more numerous than
Helios™ Tregs, suggesting that most, but not all, Treg cells
might be of thymic origin, which is consistent with results
obtained in a mouse model.”’ In vitro studies have shown
that Helios™ and Helios™ populations of Tregs differ in
their suppressive potential associated with the expression of
surface molecules and production of cytokines.’>*' We
therefore tested these populations expressing various mark-
ers associated with their status and suppressive function.
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The majority of naive CD45% Tregs were Helios™.
However, according to Himmel et al’> a lack of Helios
expression does not exclusively identify human iTregs, so
that Helios ”CD45RA™ cells may also be thymic-derived
Tregs. Based on the findings of several authors that the
number of naive CD45RA™ Tregs is increased in the
periphery of healthy pregnant women, while being signifi-
cantly reduced in number in woman suffering from a preg-
nancy complication, it is reasonable to suggest a key role
of this population for tolerance during pregnancy.'>*-*
The total number of CD45RA™ Tregs is highest in the third
trimester of pregnancy, with a significant decrease occur-
ring at the time of delivery (Figure 2E), and both Helios™
and Helios™ CD45RA™ Tregs displayed similar kinetics.

GARP is a surface marker that maintains and increases
the regulatory function of activated Tregs. It has been also
shown that this molecule is involved in TGF-f activation
by Tregs.*> However, in our study the majority of Tregs
were negative for GARP and did not show changes in their
kinetics during normal pregnancy.

The suppressive capacity of Treg cells is increased by the
interaction between PD-1 and its ligand PD-L1.*° Taglauer
et al*’ described the significant increase in PD-1 expression
on Tregs in human decidua in comparison with the secretory
phase endometrium. Our results show that the cell population
most positive for PD-1 is the Treg subset Helios*. This find-
ing supports the importance of nTregs for the successful
course of a pregnancy, as suggested by various authors.”'*!?
However, some authors have stressed the crucial role of
iTregs generated in the periphery after encountering paternal
antigens.*® Since our data indicated a significant increase in
the number of Helios™ cells during the later phases of preg-
nancy, it might be speculated that iTregs participate in main-
taining the tolerance state initiated by nTregs.

In conclusion, we have presented new data on the kinet-
ics of distinct subpopulations of Helios*/Helios~ Tregs
showing that the sizes of these populations not only varied
across individual donors but also varied in the same donor
over the successive phases of pregnancy. The majority of
Tregs during normal pregnancy were positive for markers
Helios and PD-1, and the size of this population signifi-
cantly decreased at the time of delivery.

CONFLICT OF INTEREST

None.

ORCID

Michal Koucky
Magdalena Krulovd
376X

https://orcid.org/0000-0003-2807-7635
https://orcid.org/0000-0003-3622-

REFERENCES

1.

10.

12.

13.

14.

Sasaki Y. Decidual and peripheral blood CD4+CD25+ regulatory
T cells in early pregnancy subjects and spontaneous abortion
cases. Mol Hum Reprod. 2004;10(5):347-353. https://doi.org/10.
1093/molehr/gah044

. Jasper MJ, Tremellen KP, Robertson SA. Primary unexplained

infertility is associated with reduced expression of the T-regula-
tory cell transcription factor Foxp3 in endometrial tissue. Mol
Hum Reprod. 2006;12(5):301-308. https://doi.org/10.1093/mole
hr/gal032

. Thuere C, Zenclussen ML, Schumacher A, et al. Kinetics of regu-

latory T cells during murine pregnancy. Am J Reprod Immunol.
2007;58(6):514-523. https://doi.org/10.1111/j.1600-0897.2007.
00538.x

. Zhao J-X, Zeng Y-Y, Liu Yi. Fetal alloantigen is responsible for

the expansion of the CD4+CD25+regulatory T cell pool during
pregnancy. J Reprod Immunol. 2007;75(2):71-81. https://doi.org/
10.1016/.jri.2007.06.052

. Aluvihare VR, Kallikourdis M, Betz AG. Regulatory T cells

mediate maternal tolerance to the fetus. Nat Immunol. 2004;5
(3):266-271. https://doi.org/10.1038/ni1037

. Steinborn A, Haensch GM, Mahnke K, et al. Distinct subsets of

regulatory T cells during pregnancy: Is the imbalance of these
subsets involved in the pathogenesis of preeclampsia? Clin Immu-
nol. 2008;129(3):401-412. https://doi.org/10.1016/J.CLIM.2008.
07.032

. Jiang Tt, Chaturvedi V, Ertelt Jm, et al. Regulatory T cells: new

keys for further unlocking the enigma of fetal tolerance and preg-
nancy complications. J Immunol. 2014;192(11):4949-4956.
https://doi.org/10.4049/jimmunol. 1400498

. Boij R, Mjosberg J, Svensson-Arvelund J, et al. Regulatory T-cell

subpopulations in severe or early-onset preeclampsia. Am J
Reprod Immunol. 2015;74(4):368-378. https://doi.org/10.1111/aji.
12410

. Kisielewicz A, Schaier M, Schmitt E, et al. A distinct subset of

HLA-DR+-regulatory T cells is involved in the induction of pre-
term labor during pregnancy and in the induction of organ rejec-
tion after transplantation. Clin Immunol. 2010;137(2):209-220.
https://doi.org/10.1016/J.CLIM.2010.07.008

Thornton AM, Korty PE, Tran DQ, et al. Expression of Helios,
an lkaros transcription factor family member, differentiates thy-
mic-derived from peripherally induced Foxp3 + T regulatory
cells. J Immunol. 2010;184(7):3433-3441. https://doi.org/10.4049/
jimmunol.0904028

. Samstein RM, Josefowicz SZ, Arvey A, Treuting PM, Rudensky

AY. Extrathymic generation of regulatory T cells in placental
mammals mitigates maternal-fetal conflict. Cell. 2012;150(1):29-
38. https://doi.org/10.1016/j.cell.2012.05.031

Schober L, Radnai D, Spratte J, et al. The role of regulatory T
cell (Treg) subsets in gestational diabetes mellitus. Clin Exp
Immunol. 2014;177(1):76-85. https://doi.org/10.1111/cei. 12300
Steinborn A, Schmitt E, Kisielewicz A, et al. Pregnancy-associ-
ated diseases are characterized by the composition of the systemic
regulatory T cell (T reg) pool with distinct subsets of T regs. Clin
Exp Immunol. 2012;167(1):84-98. https://doi.org/10.1111/j.1365-
2249.2011.04493.x

Inada K, Shima T, Ito M, Ushijima A, Saito S. Helios-positive
functional regulatory T cells are decreased in decidua of


https://orcid.org/0000-0003-2807-7635
https://orcid.org/0000-0003-2807-7635
https://orcid.org/0000-0003-2807-7635
https://orcid.org/0000-0003-3622-376X
https://orcid.org/0000-0003-3622-376X
https://orcid.org/0000-0003-3622-376X
https://doi.org/10.1093/molehr/gah044
https://doi.org/10.1093/molehr/gah044
https://doi.org/10.1093/molehr/gal032
https://doi.org/10.1093/molehr/gal032
https://doi.org/10.1111/j.1600-0897.2007.00538.x
https://doi.org/10.1111/j.1600-0897.2007.00538.x
https://doi.org/10.1016/j.jri.2007.06.052
https://doi.org/10.1016/j.jri.2007.06.052
https://doi.org/10.1038/ni1037
https://doi.org/10.1016/J.CLIM.2008.07.032
https://doi.org/10.1016/J.CLIM.2008.07.032
https://doi.org/10.4049/jimmunol.1400498
https://doi.org/10.1111/aji.12410
https://doi.org/10.1111/aji.12410
https://doi.org/10.1016/J.CLIM.2010.07.008
https://doi.org/10.4049/jimmunol.0904028
https://doi.org/10.4049/jimmunol.0904028
https://doi.org/10.1016/j.cell.2012.05.031
https://doi.org/10.1111/cei.12300
https://doi.org/10.1111/j.1365-2249.2011.04493.x
https://doi.org/10.1111/j.1365-2249.2011.04493.x

KOPRIVOVA ET AL.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

miscarriage cases with normal fetal chromosomal content. J
Reprod Immunol. 2015;107:10-19. https://doi.org/10.1016/J.JRI.
2014.09.053

Teles A, Zenclussen AC, Schumacher A. Regulatory T cells are
Baby’s best friends. Am J Reprod Immunol. 2013;69(4):331-339.
https://doi.org/10.1111/aji.12067

Saito S, Shima T, Inada K, Nakashima A. Which types of regula-
tory T cells play important roles in implantation and pregnancy
maintenance? Am J Reprod Immunol. 2013;69(4):340-345.
https://doi.org/10.1111/aji.12101

Zheng SG, Wang J, Wang P, Gray JD, Horwitz DA. IL-2 is
essential for TGF- to convert naive CD4+CD25- cells to
CD25+4+Foxp3+ regulatory T cells and for expansion of these
cells. J Immunol. 2007;178(4):2018-2027. https://doi.org/10.4049/
jimmunol.178.4.2018

Stockis J, Colau D, Coulie PG, Lucas S. Membrane protein
GARP is a receptor for latent TGF-p on the surface of activated
human Treg. Eur J Immunol. 2009;39(12):3315-3322. https://doi.
org/10.1002/eji.200939684

Tran DQ, Andersson J, Wang R, Ramsey H, Unutmaz D, She-
vach EM. GARP (LRRC32) is essential for the surface expres-
sion of latent TGF-beta on platelets and activated FOXP3+
regulatory T cells. Proc Natl Acad Sci USA. 2009;106(32):13445-
13450. https://doi.org/10.1073/pnas.0901944106

Zhang YH, Tian M, Tang MX, Liu ZZ, Liao AH. Recent insight
into the role of the PD-1/PD-L1 pathway in feto-maternal toler-
ance and pregnancy. Am J Reprod Immunol. 2015;1:201-208.
https://doi.org/10.1111/aji.12365

Somerset DA, Zheng Y, Kilby MD, Sansom DM, Drayson MT. Nor-
mal human pregnancy is associated with an elevation in the immune
suppressive CD25 + CD4 + regulatory T-cell subset. Immunology.
2004;112(1):38-43. https://doi.org/10.1111/j.1365-2567.2004.01869.x
Wegienka G, Havstad S, Bobbitt KR, et al. Within-woman
change in regulatory T cells from pregnancy to the postpartum
period. J Reprod Immunol. 2011;88(1):58-65. https://doi.org/10.
1016/1.JR1.2010.06.157

Xiong H, Zhou C, Qi G.
CD4+CD25+Foxp3+ regulatory T cells in maternal peripheral

Proportional ~ changes of
blood during pregnancy and labor at term and preterm. Clin
Invest Med. 2010;33(6):E422.

Lima J, Martins C, Nunes G, Sousa M-J, Branco JC, Borrego L-
M. Regulatory T cells show dynamic behavior during late preg-
nancy, delivery, and the postpartum period. Reprod Sci. 2017;24
(7):1025-1032. https://doi.org/10.1177/1933719116676395

Toldi G, Vasarhelyi ZE, Rigo J, et al. Prevalence of regulatory
T-cell subtypes in preeclampsia. Am J Reprod Immunol. 2015;74
(2):110-115. https://doi.org/10.1111/aji.12380

Areia A, Vale-Pereira S, Alves V, et al. Can membrane proges-
terone receptor o on T regulatory cells explain the ensuing
human labour? J Reprod Immunol. 2016;113:22-26. https://doi.
org/10.1016/J.JR1.2015.10.002

Oettel A, Lorenz M, Stangl V, Costa S-D, Zenclussen AC, Schu-
macher A. Human umbilical vein endothelial cells foster conver-
sion of CD4+CD25-Foxp3— T cells into CD4+Foxp3+

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

regulatory T cells via transforming growth factor-B. Sci Rep.
2016;6(1):23278. https://doi.org/10.1038/srep23278

Zenclussen AC, Gerlof K, Zenclussen ML, et al. Regulatory T
cells induce a privileged tolerant microenvironment at the fetal-
maternal interface. Eur J Immunol. 2006;36(1):82-94. https://doi.
org/10.1002/eji.200535428

Teles A, Thuere C, Wafula PO, El-Mousleh T, Zenclussen ML,
Zenclussen AC. Origin of Foxp3(+) cells during pregnancy. Am
J Clin Exp Immunol. 2013;2(3):222-233.

Kim YC, Bhairavabhotla R, Yoon J, et al. Oligodeoxynucleotides
stabilize Helios-expressing Foxp3+ human T regulatory cells dur-
ing in vitro expansion. Blood. 2012;119(12):2810-2818. https://d
oi.org/10.1182/blood-2011-09-377895

Zabransky DJ, Nirschl CJ, Durham NM, et al. Phenotypic and
functional properties of Helios + regulatory T cells. PLoS ONE.
2012;7(3):1-10. https://doi.org/10.1371/journal.pone.0034547
MacDonald KG, Han JM, Himmel ME, et al. Response to comment
on “Helios+ and Helios- cells coexist within the natural FOXP3+ T
regulatory cell subset in humans”. J Immunol. 2013;190(9):4440-
4441. https://doi.org/10.4049/jimmunol. 1390019

Schober L, Radnai D, Schmitt E, Mahnke K, Sohn C, Steinborn
A. Term and preterm labor: decreased suppressive activity and
changes in composition of the regulatory T-cell pool. Immunol
Cell Biol. 2012;90(10):935-944. https://doi.org/10.1038/icb.2012.
33

Wagner MI, Jost M, Spratte J, et al. Differentiation of ICOS *
and ICOS ™ recent thymic emigrant regulatory T cells (RTE T
regs ) during normal pregnancy, pre-eclampsia and HELLP syn-
drome. Clin Exp Immunol. 2016;183(1):129-142. https://doi.org/
10.1111/cei. 12693

Sun L, Jin H, Li H. GARP: a surface molecule of regulatory T
cells that is involved in the regulatory function and TGF-p releas-
ing. Oncotarget. 2016;7(27):42826-42836.

Sage PT, Francisco LM, Carman CV, Sharpe AH. The receptor
PD-1 controls follicular regulatory T cells in the lymph nodes
and blood. Nat Immunol. 2013;14(2):152-161. https://doi.org/10.
1038/ni.2496

Taglauer ES, Trikhacheva AS, Slusser JG, Petroff MG. Expres-
sion and function of PDCDI1 at the human maternal-fetal inter-
face. Biol Reprod. 2008;79(3):562-569. https://doi.org/10.1095/
biolreprod.107.066324

Zenclussen AC. Regulatory T cells in pregnancy. Springer Semin
Immunopathol. 2006;28(1):31-39. https://doi.org/10.1007/s00281-
006-0023-6.

How to cite this article: Kopfivova H, Hajkova M,
Koucky M, Malickova K, Holan V, Krulovd M.
Kinetics of Helios(+) and Helios(—) T regulatory cell
subsets in the circulation of healthy pregnant women.
Scand J Immunol. 2019;89:e12754. https://doi.org/
10.1111/sji.12754



https://doi.org/10.1016/J.JRI.2014.09.053
https://doi.org/10.1016/J.JRI.2014.09.053
https://doi.org/10.1111/aji.12067
https://doi.org/10.1111/aji.12101
https://doi.org/10.4049/jimmunol.178.4.2018
https://doi.org/10.4049/jimmunol.178.4.2018
https://doi.org/10.1002/eji.200939684
https://doi.org/10.1002/eji.200939684
https://doi.org/10.1073/pnas.0901944106
https://doi.org/10.1111/aji.12365
https://doi.org/10.1111/j.1365-2567.2004.01869.x
https://doi.org/10.1016/J.JRI.2010.06.157
https://doi.org/10.1016/J.JRI.2010.06.157
https://doi.org/10.1177/1933719116676395
https://doi.org/10.1111/aji.12380
https://doi.org/10.1016/J.JRI.2015.10.002
https://doi.org/10.1016/J.JRI.2015.10.002
https://doi.org/10.1038/srep23278
https://doi.org/10.1002/eji.200535428
https://doi.org/10.1002/eji.200535428
https://doi.org/10.1182/blood-2011-09-377895
https://doi.org/10.1182/blood-2011-09-377895
https://doi.org/10.1371/journal.pone.0034547
https://doi.org/10.4049/jimmunol.1390019
https://doi.org/10.1038/icb.2012.33
https://doi.org/10.1038/icb.2012.33
https://doi.org/10.1111/cei.12693
https://doi.org/10.1111/cei.12693
https://doi.org/10.1038/ni.2496
https://doi.org/10.1038/ni.2496
https://doi.org/10.1095/biolreprod.107.066324
https://doi.org/10.1095/biolreprod.107.066324
https://doi.org/10.1007/s00281-006-0023-6
https://doi.org/10.1007/s00281-006-0023-6
https://doi.org/10.1111/sji.12754
https://doi.org/10.1111/sji.12754

