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Introduction

Summary

The current study was aimed at developing a one-way mixed leucocyte
culture—enzyme-linked immunospot (MLC-ELISPOT) assay for the study
of CD4" CD25" regulatory T (T,eg) cells and applying this method in the
study of antifetal immune reactions during human pregnancy. Twenty-
one pregnant women and the corresponding fathers-to-be, and 10 non-
pregnant control women and men, participated in the study. CD4* CD25*
cells were isolated from peripheral blood mononuclear cells (PBMC) by
immunomagnetic selection. Maternal/control PBMC were stimulated with
paternal or unrelated PBMC in MLC. Secretion of interleukin-4 (IL-4)
and interferon-y (IFN-y) from responder cells, with or without the pres-
ence of autologous T, cells, was analysed by ELISPOT. PBMC from
pregnant women showed increased secretion of IL-4 compared to con-
trols. In pregnant and non-pregnant controls, T, cells suppressed IFN-y
reactivity against paternal and unrelated alloantigens. Interestingly, T..q
cells suppressed IL-4 secretion against paternal but not unrelated alloanti-
gens during pregnancy. We have successfully developed a model for
studying T, cells in antifetal cytokine reactions during pregnancy.
Results indicate that T, cells contribute to strict regulation of both T
helper type 1-like and type 2-like antifetal immune reactions. Interest-
ingly, T helper type 2-like cells specific to unrelated alloantigens are able
to escape the suppression of T,., cells, which would allow for IL-4, along-
side CD4* CD25™ T, cells, to control potentially detrimental IFN-vy reac-
tions during pregnancy.

Keywords: human; reproductive immunology; regulatory T cells (Tie);
T cells, T helper type 1 and type 2 cells

mediators of self-tolerance™® but have also been implicated
in alloantigen reactivity,” allergy® and infectious diseases.”

In the mid-1990s, it was discovered that transfer of
CD4" CD25" cells prevented autoimmune disease and
transplant rejection caused by CD25" cell depletion or
neonatal thymectomy in mice."” These CD4* CD25" regu-
latory T (T,eg) cells originate in the thymus as natural

In humans, T,g cells are found within the CDh4"
CD25™€" compartment comprising approximately 1-2%
of peripheral CD4" cells.*® Besides expression of the inter-
leukin-2 (IL-2) receptor a-chain CD25, human T, cells
have been shown to constitutively express other markers

Abbreviations: BCIP-NBT, 5-bromo-4-chloro-3-indolyl phosphate-nitro blue tetrazolium; cDNA, complementary DNA;
ELISPOT, enzyme-linked immunospot assay; FBS, fetal bovine serum; FITC, fluorescein isothiocyanate; HBSS, Hank’s balanced
salt solution; IFN-v, interferon-vy; IL-2, interleukin-2; IMDM, Iscove’s modified Dulbecco’s medium; MLC, mixed leucocyte
culture; mRNA, messenger RNA; PBMC, peripheral blood mononuclear cells; PBS, phosphate-buffered saline; PCR, polymerase
chain reaction; PE, phycoerythrin; PerCP, peridinin chlorophyll protein; PEST, penicillin/streptomycin; PFA, paraformaldehyde;
rRNA, ribosomal RNA; TCM, T-cell culture medium; TGF-f, transforming growth factor-f; Th cell, T helper cell; Thregs

regulatory T cell.
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of activation such as cytotoxic T lymphocyte antigen-4
and glucocorticoid-induced tumour necrosis factor recep-
tor family related gene, none of which are T,.g-cell-specific
or involved in in vitro suppression.'®' The forkhead/
winged helix transcription factor gene FOXP3 is to date
the only specific marker of T,, cells and seems critical for
Teq-cell lineage commitment, at least in mice."*™* In vitro,
T, cells are anergic but require IL-2 or IL-15 for main-
tenance and T-cell receptor engagement for suppres-
sion.">'® Once activated, Teg cells can suppress effector T
cells regardless of specificity as well as convey suppressive
characteristics to non-regulatory T cells."’° Unable to
secrete significant levels of cytokines themselves, T,.g cells
inhibit cytokine secretion and proliferation of CD4" and
CD8" cells in a cell contact-dependent, cytokine-independ-
ent manner.>'®!"1>17:21723 However, recent data indicate
transforming growth factor-B (TGF-B) to be part of
human  T,g-cell-suppressive mechanisms.”* Uncertainty
regarding cytokine dependence in T,e-cell suppression
may, in addition to incongruent results in vitro compared
with in vivo, be caused by the simultaneous existence of
other CD4" regulatory subsets, T helper type 3 (Th3) and
Tyeg cell type 1 (T,1), suppression of which is largely
dependent on IL-10 and/or TGF-B'°.

More than 50 years ago, Medawar described pregnancy
as an immunological paradox because the fetus is nor-
mally accepted by the maternal immune system despite
expression of paternal alloantigens.”® This intriguing phe-
nomenon is partly explained by a switch in Th-cell cyto-
kine balance, away from the aggressive cell-mediated
effects of Thl-like and proinflammatory factors such
as interferon-y (IFN-y), tumour necrosis factor-o and
IL-2.%°72® Indeed, increased secretion of the Th2-like cyto-
kine IL-4, antagonistic to Thl-like imrnunity,29 and the
suppressive cytokine IL-10 have been shown in the blood
of pregnant women.’** In addition, peripheral leuco-
cytes of pregnant women respond with secretion of IL-4,
in addition to IFN-vy, to paternal alloantigens in mixed
leucocyte culture (MLC)'. Recently, CD4" CD25" Treg
cells have been associated with maternal tolerance to the
fetus. In humans, successful pregnancy is associated with
increased numbers of CD4" CD25" T, cells, at least loc-
ally in the decidua,”*>” whereas Treg-cell changes in blood
have recently been questioned.’® Mice that are depleted of
Tyeg cells fail to complete full-term pregnancies, whereas
normal mice display increased T,e-cell numbers during
pregnancy.”® ™ In a murine abortion model, Treg
cells adoptively transferred from normal pregnant
mice prevent fetal demise and induce a battery of
pregnancy-favouring factors including IL-10, TGF-f,
haemoxygenase-1 and leukaemia inhibitory factor at the
fetal-maternal interface.’®*> However, the role for Treg
cells in cytokine regulation during human pregnancy
remains unclear and is the focus of this work. In
addition, it is still unknown if T, cells differentially
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affect the immunological response to paternal alloantigens
compared with unrelated alloantigens. The current study
aimed to develop a T,e-cell MLC enzyme-linked immu-
nospot (ELISPOT) suppression assay for investigation of
Treg-cell importance in antifetal cytokine responses during
normal second-trimester human pregnancy.

Materials and methods

Subjects

For methodological development, blood was obtained
from two healthy non-pregnant women (age 23 and
37 years), employees at the Department of Molecular and
Clinical Medicine, Linkoping University.

Twenty-one pregnant women with no signs of preg-
nancy complications (pregnancy week 24-28, age
19-36 years), and the corresponding fathers-to-be (age
18-38 years), visiting the maternity outpatient care unit in
Link6ping (Kvinnohilsan), were asked to participate in
the study. Ten women (age 18—40 years) and men (age
18-55 years), who were all employees/students at the
Department of Molecular and Clinical Medicine, Linko-
ping University, or blood donors at Linkdping University
Hospital, served as control subjects. Informed consent was
obtained from all participants. The study was approved by
the Local Ethics Committee at Linkoping University.

Separation of peripheral blood mononuclear cells

Approximately 60 ml whole blood was obtained in
sodium-heparin vacutainer tubes. Peripheral blood mono-
nuclear cells (PBMC) were separated within 1 hr on
Lymphoprep (Nycomed, Norway) according to Boyum™**
followed by washing in Hank’s balanced salt solution
(HBSS; Gibco, BRL, Paisley, UK). PBMC for direct ELI-
SPOT analysis (see below) were resuspended to a density
of 10° lymphocytes/ml in T-cell culture medium (TCM)
consisting of Iscove’s modified Dulbecco’s medium
(IMDM; Sigma Aldrich, Stockholm, Sweden) supplemen-
ted with r-glutamine (292 mg/ml; Sigma), sodium
bicarbonate (3024 g/l; Sigma), penicillin (50 IE/ml),
streptomycin (50 pg/ml) (PEST from Flow Laboratories,
Irvine, UK), 100 X non-essential amino acids (10 ml/];
Invitrogen, Stockholm, Sweden) and 5% heat-inactivated
fetal bovine serum (FBS; Sigma). Cells were kept on ice
until culturing. For immunomagnetic separation, PBMC
were resuspended in HBSS supplemented with 2% FBS
(HBSS 2% FBS) to a density of 5 x 10° PBMC/ml.

Immunomagnetic separation of CD4" CD25" T,,, cells

reg

CD4" CD25" cells were separated using the CD4 Positive
Isolation kit followed by the CD25-portion (positive
selection) of the CD4" CD25" T,g-cell kit, both from
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Dynal Biotech (Oslo, Norway). This allowed retrieval of
CD4 and CD4" CD25 cells to be used as Teq-cell-deple-
ted responder cells. Dynabeads CD4 (mouse monoclonal
anti-human CD4 antibody) and Dynabeads CD25 (mouse
monoclonal anti-human CD25 antibody) were washed
with HBSS 2% FBS before being used according to the
manufacturer’s instructions.

In a first step, CD4" cells were separated by positive
selection; Dynabeads CD4, corresponding to two beads per
PBMC, were added to the PBMC suspension and incubated
at 4° for 20 min with gentle tilting and rotation. CD4" cells
were separated using the magnetic particle concentrator
MPC-50 (Dynal Biotech) and the CD4" rosettes were
washed four times in HBSS 2% FBS. The CD4™ fraction
was saved in TCM and kept on ice. CD4" rosettes were
resuspended in 100 pl IMDM 1% FBS per millilitre of the
original PBMC suspension. Ten microlitres of Detachabead
CD4 (sheep anti-mouse Fab) solution was added per
100 pl rosette-suspension and incubated for 1 hr at room
temperature with gentle tilting and rotation. Detached
CD4" cells, from which CD4" CD25" cells would be isola-
ted, were magnetically separated from the antibodies and
beads using the magnetic device. Beads were washed three
times in 500 ul IMDM 1% FBS. Free CD4" cells were
washed once in 10 ml IMDM 1% FBS for 10 min at 400 g.
CD4" cells were resuspended in HBSS 2% FBS to a concen-
tration of 1-5 x 107 cells/ml.

In a second step, CD4" CD25" cells were separated
from the CD4" population by positive selection. Dyna-
beads CD25, corresponding to three beads per CD4™" cell,
were added to the CD4" cell suspension and incubated
at 4° for 25 min with gentle tilting and rotation.
CD4" CD25" cells were separated using the Dynal MPC-
50 magnetic device and the CD25" rosettes were washed
three times in HBSS 2% FBS. The CD25™ fractions were
saved in TCM and kept on ice. CD4" CD25" cells were
resuspended in 100 ul IMDM 1% FBS per 50 pl CD25
beads originally added. Twenty microlitres of Detacha-
bead CD25 was added per 100 pl of the CD25 rosettes
followed by incubation for 1 hr with gentle tilting and
rotation. Detached CD4" CD25" cells were aspirated from
the magnetically separated beads and the beads were
washed twice with IMDM 1% FBS in the magnetic device.
CD4" CD25" cells were washed once in 10 ml IMDM 1%
FBS by centrifugation at 400 g for 10 min and resuspend-
ed in TCM to a cell density of 1 X 10° cells/ml.

Tyeg-depleted cells were prepared by pooling the CD4~
and CD4" CD25  fractions and resuspending cells in
TCM at 1 x 10° lymphocytes/ml.

Paraformaldehyde treatment of autologous/allogeneic
PBMC for MLC

Autologous PBMC (pregnant women/non-pregnant con-
trol), allogeneic PBMC (father/male control) and a freeze-
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thawed alloantigen-pool, consisting of PBMC from 20
healthy donors, were treated with 4% paraformaldehyde
(PFA; Sigma) in phosphate-buffered saline (PBS) pH 7-4
(EC Diagnostics AB, Uppsala, Sweden) for 10 min at
room temperature. PFA treatment of PBMC has been
shown to totally inhibit cytokine secretion, yet rendering
cells capable of stimulating responder cells in the MLC.”!
Cells were washed twice in PBS by centrifugation at 400 g
at 4° for 10 min. Cells were resuspended at 10° PBMC/ml
in TCM. The alloantigen-pool was used because, as a
result of the many alloantigens present, it increases the
probability of reaching an alloresponse. It has been shown
that alloresponses theoretically reach a plateau level when
the pool consists of 10-15 randomly selected blood
donors.”

Flow cytometry

The immunomagnetic selection of T, cells from control
subjects was evaluated on four occasions by flow cytom-
etry. Briefly, PBMC, CD4" CD25"-depleted PBMC and
CD4" CD25" cells were incubated with 10 pl mouse iso-
type controls [immunoglobulin G1 conjugated with fluo-
rescein isothiocyanate (FITC), phycoerythrin (PE) or
peridinin chlorophyll protein (PerCP)] or mouse anti-
human CD25-FITC, CD4-PE and CD3-PerCP (BD
Biosciences, Stockholm, Sweden) for 15 min. This was
followed by lysing and fixating the cells by incubating
samples with 100 pl Optilyse B (Immunotech, Beckman
Coulter, Fullerton, CA) for 10 min followed by 1 ml
deionized water for 10 min. Cells were then centrifuged
at 400 g for 5 min and resuspended in PBS 2% human
serum albumin (Pharmacia Biotech, Uppsala, Sweden).
Cells were analysed on FACSCalibur using CELLQUEST Pro
version 4-0.2 software (BD Biosciences). Cells were gated
for analysis of lymphocytes by side/forward scatter and
gating for analysis of T cells was based on CD3 expres-
sion. Gates for coexpression of the CD4 and CD25 mole-
cules were set according to isotype controls. The
CD25"8" gate was adjusted to contain CD4" cells that
expressed CD25 more brightly than CD4~ CD25" cells.

RNA extraction and reverse transcriptase real-time
polymerase chain reaction (PCR) for quantification
of FOXP3 mRNA expression

Expression of FOXP3 messenger RNA (mRNA) was ana-
lysed in PBMC, CD4" CD25"-depleted PBMC and
CD4" CD25" cells isolated from two pregnant women.
Total RNA was extracted using the RNeasy minikit
(Qiagen, Crawley, West Sussex) according to the manu-
facturer’s instructions. RNA was quantified using the
ND-1000 NanoDrop spectrophotometer (Nanodrop
Technologies, Wilmington, DE) by measuring the
absorbance at 260 nm. Approximately 1 nug RNA was
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converted to complementary DNA (cDNA) using the
cDNA high-capacity archive kit (Applied Biosystems,
Foster City, CA) with RNase inhibitor (Applied Biosys-
tems) according to the manufacturer’s instructions.
Reverse transcription was performed on the GeneAmp
PCR system 2700 (Applied Biosystems) for 10 min at
25° followed by 2 hr at 37°. For real-time PCR, 1 pl
cDNA was mixed with 1 x TagMan Universal Master-
mix (Applied Biosystems) together with primers and
probe for FOXP3 (TagMan Gene Expression assay,
Assay ID: Hs00203958_ml) or 18S ribosomal RNA
(Assay ID: Hs99999901_s1) (Applied Biosystems). PCR
were initiated with denaturation for 2 min at 50° and
10 min at 95° followed by 40 cycles of denaturation for
15 seconds at 95° and annealing/extension for 1 min at
60°. Reactions were performed on the ABI Prism 7700
Sequence Detection System (Applied Biosystems).
Expression of the 18S subunit of ribosomal RNA was
used for normalization of RNA content in all samples.
The absence of genomic DNA amplification was con-
trolled by amplifying one sample of RNA. Data were
analysed with the ABI PrisM SEQUENCE DETECTOR version
1-7a software (Applied Biosystems). Quantification was
determined using the standard curve method. All sam-
ples were analysed in duplicate and the variation limit
between duplicates was set to <15%.

ELISPOT assay analysis of cytokine secretion

ELISPOT is a highly sensitive technique for in vitro detec-
tion of cell-secreted cytokines at the single-cell level.
Nitrocellulose bottomed 96-well MAHAN 4550 microtitre
plates (Millipore, Bedford, MA) were incubated overnight
at 4° with 100 pl/well of mouse anti-human IFN-y mono-
clonal antibody or mouse anti-human IL-4 monoclonal
antibody (both from Mabtech, Stockholm, Sweden) dilu-
ted in sterile PBS to a final concentration of 15 pug/ml
Coated plates were stored at —20°. Before use, plates were
thawed and emptied by suction using a multiscreen
vacuum manifold (Millipore), whereupon they were
washed eight times with 100 pl/well PBS. Unspecific
binding sites on the nitrocellulose of membrane were
blocked by incubation with 100 pl/well TCM for 30 min
at 37° 5% CO,.

Cultures were set in ELISPOT plates for direct analysis
of cytokine secretion from responder cells in a final vol-
ume of 200 pl/well. As negative controls, TCM alone,
without cells, was added to some wells. No spots were
detected in these wells. As positive controls, responder
cells were stimulated with phytohaemagglutinin (Sigma
Aldrich, St Louis, MO) to a final concentration of 20 pg/ml,
which always generated a strong response with several
hundred spots. PFA-treated cells did not respond to phyto-
haemagglutinin stimulation, confirming their inability to
secrete cytokines.
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After incubation with cells, plates were emptied and cells
were removed by washing four times with PBS, followed
by washing twice with PBS Tween (PBS containing 0-05%
Tween-20; EC Diagnostics AB). Wells were incubated for
2 hr with 100 pl/well biotinylated mouse anti-human IL-4
or mouse anti-human IFN-y detection antibodies (both
from Mabtech) diluted in PBS-Tween to a final concentra-
tion of 1 pg/ml. Following four washes with PBS-Tween,
wells were incubated with streptavidin—alkaline phospha-
tase conjugate (Mabtech) diluted 1/1000 in PBS for 1 hr.
Plates were then washed four times with PBS and
wells were incubated with alkaline phosphatase substrate
5-bromo-4-chloro-3-indolyl phosphate-nitro blue tetrazo-
lium (BCIP-NBT; Bio-Rad, Solna, Sweden) for approxi-
mately 15 min. Plates were washed with excessive amounts
of water and allowed to dry upside down overnight. Spots
were counted under a dissection microscope.

Methodological development of the MLC-T,.,-cell
suppression assay

The assay was based on the one-way MLC-ELISPOT
method originally described by Ekerfelt et al.’' Initially,
the minimum number of allogeneic stimulator cells nee-
ded for PBMC stimulation was investigated. PBMC were
separated from two healthy blood donors and 10° respon-
der PBMC from both donors were cultured alone or
crosswise with PFA-treated autogeneic or allogeneic sti-
mulator PBMC in varying ratios (1 :1,1:2,1:4,1:8,
1:16). Cells were incubated overnight, at 37° in a
humidified atmosphere with 5% CO,, in coated ELISPOT
wells for direct analysis of IFN-y secretion from respon-
der cells. All cultures were analysed in triplicates. The
ratio 1 :2 (stimulator : responder) was found to be the
lowest number of stimulator cells needed for allogeneic
stimulation to exceed the autologous response so this
ratio was used in the T,g-cell MLC-ELISPOT assay. The
ability of Ty, cells to suppress the allogeneic response in
MLC was investigated using the same blood donors as in
the previous MLC-experiment. IFN-y secretion was meas-
ured from 10° PBMC or 10° Teg-cell-depleted responders
cultured alone or with 5 x 10* PFA-treated allogeneic sti-
mulator cells. In addition, 10° allogeneically stimulated
T,eg-cell-depleted responders (ratio stimulator : responder;
1 :2) were cultured with T, cells (ratio responder : Teg
celb 1: 1 and 2:1). An incubation period of approxi-
mately 42 hr was found to be optimal. The incubations
were performed at 37° in a humidified atmosphere with
5% CO,. All cultures were analysed in triplicate.

Importance of T, cells in pregnancy: application of the
Tyeq-cell MLC-ELISPOT suppression assay

PBMC and T-cell-depleted cells from 21 pregnant
women and 10 non-pregnant women were stimulated
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with PFA-treated PBMC from the corresponding fathers-
to-be or control males. In addition, responder PBMC and
Tyeg-cell-depleted cells were stimulated with autoantigens
or pooled alloantigens. The stimulator : responder cell
ratio was set to 1 : 2 (25 000 : 50 000 cells) based on the
initial experiments. Stimulated PBMC and T,e,-cell-deple-
ted responder cells were then cultured with T, cells in
responder : Ty, cell ratios of 1 : 1 or 2 : 1, depending on
cell yield. All cultures were analysed in triplicate and
occasionally in duplicate.

Treg-cell MLC-cultures were analysed for responder cell
secretion of IFN-y and IL-4 by ELISPOT. Ten pregnancy
samples were analysed for secretion of IL-4 and 11 for
secretion of IFN-vy. For the non-pregnant controls, IFN-y
secretion was investigated in 10 samples because the nor-
mal allogeneic response is predominantly a Thl situation
with no, or very low, IL-4 secretion.*>*® To confirm this,
IL-4 was analysed in six of the 10 control samples. How-
ever, Ty, cells were not reconstituted to these cultures.
Autologously stimulated PBMC were used as a methodo-
logical control for the addition of PFA-treated cells to the
wells. Cytokine secretion from these cells did not signifi-
cantly differ from the unstimulated secretion so unsti-
mulated secretion was chosen as a measure of the
spontaneous secretion.

Statistical analysis

The statistical guidance resource at Linkoping University
was consulted for the statistical analyses. Differences
within the pregnancy/non-pregnant control groups were
analysed by Friedman’s test followed by Bonferroni-
corrected Wilcoxon-signed rank test as a post hoc test to
adjust for the number of pairwise comparisons within each
group. Differences between pregnant and non-pregnant
controls were analysed by Mann—Whitney U-test corrected
for the number of pairwise comparisons between groups
by Bonferroni correction. Significance level was set to 5%,
i.e. P < 0-05 was considered significant. All statistical ana-
lyses were performed using GraPHPAD Prism version 4 soft-
ware (GraphPad Software Inc., San Diego, CA).

Results

Immunomagnetic separation of T, cells from PBMC

The yield of cells from the immunomagnetic method was
determined by direct microscopic cell counting following
each selection step. CD4" separation resulted in median
yields of 38% and 37% CD4" cells of lymphocytes in
pregnant subjects (n = 21) and non-pregnant controls
(n = 10), respectively. CD25" separation resulted in med-
ian yields of 0-9% and 1-0% CD4" CD25" of vyielded
CD4" cells from pregnant subjects and non-pregnant con-
trols, respectively.
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Figure 1. Flow cytometric analysis of (a) total PBMC, unselected
(CD25"" gate), (b) CD4" CD25" depleted cells (CD25"" gate),
(c) immunomagnetically selected CD4" CD25" cells (CD25"&"
gate), and (d) immunomagnetically selected CD4" CD25" cells
(CD25" gate). The CD25" gate was set according to isotype controls
and the CD25""" gate was adjusted to contain CD4* cells that
expressed CD25 more brightly than CD4™ CD25" cells. The x-axis
shows expression of CD25 and the y-axis represents expression of
CD4. (¢, d) show that the immunomagnetically selected
CD4" CD25" cells contained both CD25""8" and CD25%™ cells.

Flow cytometry

Figure 1 shows typical flow cytometric scatterplots of the
immunomagnetically selected populations (Fig. 1). The
median proportion of CD4" CD25"" cells in PBMC
was 2% of CD4" cells (range 1:3-2-7%; Fig. 1a). When
the PBMC population was depleted of CD4" CD25" cells,
the median proportion of CD4* CD25"" of CD4" fell
to 0-6% (range 0-4-0-8%; Fig. 1b). The selected T,eg-cell
population showed a median of 53% CD4* CD25""8" of
CD4" (range 27-68%; Fig. 1c) and 91% CD4" CD25" of
CD4" (range 67-99%; Fig. 1d).

FOXP3 expression in immunomagnetically separated
cell populations.

CD4" CD25" cells expressed approximately 15 times
more FOXP3 mRNA than PBMC and CD4" CD25"-
depleted PBMC. No difference in FOXP3 expression was
detected between PBMC and CD4" CD25"-depleted
PBMC (Fig. 2).
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Figure 2. FOXP3 mRNA expression in CD4" CD25" depleted PBMC,
PBMC and CD4" CD25" cells determined by real-time RT-PCR
(n = 2). Results are presented as median FOXP3/18S rRNA relative
expression and error bars represent the highest value.

The alloantigen response in nonpregnant controls

IL-4 secretion from control PBMC was not significantly
affected compared with the spontaneous secretion, by sti-
mulation with the single alloantigens or the alloantigen
pool (Fig. 3a). Notably, the IL-4 response ranged from
zero to a maximum of 12 spots/50 000 responder cells
regardless of stimulation. Stimulation with single or
pooled alloantigens did not significantly increase the
secretion of IFN-y from control PBMC compared to the
spontaneous secretion (Fig. 3b).

The alloantigen response in pregnant women

In pregnant women, secretion of IL-4 from PBMC was
not significantly stimulated by paternal alloantigens com-
pared to spontaneous secretion (Fig. 3a). The increase in
IL-4 secretion against the alloantigen pool was nearly sig-
nificant (P = 0-06). Secretion of IFN-y from PBMC was
significantly increased upon stimulation with the alloanti-
gen pool compared to the spontaneous secretion (Fig. 3b;
P < 0-05). The IFN-vy secretion against paternal alloanti-
gens was nearly significantly increased compared to the
spontaneous secretion (P = 0-06).

Unstimulated and alloantigen reponses in pregnant
women compared with non-pregnant controls

When comparing the IFN-y response of pregnant women
with non-pregnant controls, no statistical differences
could be detected regardless of stimulus (Fig. 3b). In con-
trast, both the spontaneous and stimulated secretion of
IL-4 was always significantly higher in pregnant woman
than in non-pregnant controls (Fig. 3a). In addition, the
IL-4 : IFN-y ratio was significantly higher in PBMC from
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Secretion of IL-4 from pregnant women
and non-pregnant controls
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Figure 3. Number of IL-4-secreting and IFN-y-secreting cells in PBMC
from pregnant women and non-pregnant controls. Results are dis-
played as plots with medians marked with a line. (a) Secretion of
IL-4 from pregnant women (# = 10) and non-pregnant control
women (n = 6) determined by ELISPOT. Differences between con-
trols and pregnant women were always statistically significant (Bon-
ferroni-corrected Mann—Whitney U-test; **P < 0-01, ***P < 0-001).
In pregnant women, the difference between spontaneous and pooled
alloantigen stimulated secretion was almost statistically significant
(Friedman’s test (P < 0-05) followed by Bonferroni-corrected Wilc-
oxon test; TP = 0-06). (b) Secretion of IFN-y from pregnant women
(n = 11) and non-pregnant control women (n = 10) determined by
ELISPOT. In pregnant women, the difference between spontaneous
and pooled alloantigen-stimulated secretion reached statistical signifi-
cance while the difference between spontaneous and paternal allo-
antigen-stimulated secretion was almost statistically significant
(Friedman’s test; P < 0-05, followed by Bonferroni-corrected
Wilcoxon test; *P < 0-05, 1P = 0-06).
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pregnant women compared with that from non-pregnant
women, both when stimulated with the paternal/single
alloantigens and the alloantigen pool (Bonferroni-correc-
ted Mann—Whitney U-test; P < 0-05; data not shown).
The spontaneous IL-4 : IFN-y ratio was almost signifi-
cantly higher in PBMC from pregnant women compared
with non-pregnant women (Bonferroni-corrected Mann—
Whitney U-test; p = 0-05; data not shown).

T,g-cell suppression of alloantigen reactivity
in non-pregnant controls

Figure 4 shows the effects of T, cells in the IFN-y
response to alloantigens in 10 non-pregnant control
women. Tpe-cell depletion did not significantly increase
the secretion of IFN-y from single and pooled alloanti-
gen-stimulated cells compared to the IFN-y secretion in
total PBMC. However, when T, cells were re-added to
Tyeg-cell-depleted cultures, T,.o-cell suppression of pooled
alloantigen response reached statistical significance
(*P < 0-05).

Tcg-cell suppression of paternal alloantigen reactivity
in pregnant women

Figure 5 shows the effects of T, cells in the maternal
IFN-y response towards paternal and unrelated, pooled
alloantigens. Depletion of T, cells did not significantly
increase the secretion of IFN-y compared to total PBMC,
whereas reconstitution of this population significantly
suppressed the IFN-y secretion in both paternal and
unrelated alloantigen-stimulated cultures (*P < 0-05).
Tyeg-cell-depletion of paternal and unrelated alloanti-
gen-stimulated PBMC did not significantly increase the
secretion of IL-4 (Fig. 6). However, when T, cells were

Effect of T,q on IFN-y secretion
in non-pregnant controls
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Figure 4. Effect of T, cells on the number of IFN-y-secreting cells
from non-pregnant controls (n = 10). Secretion was significantly
inhibited by re-addition of T, cells in the presence of pooled allo-
antigens (Friedman’s test; P < 0-05, followed by Bonferroni-corrected
Wilcoxon test; *P < 0-05).
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Figure 5. Effect of T, cells on the number of IFN-y-secreting cells
from pregnant women (n = 11 for all groups except pooled alloanti-
gen stimulated T,cg-cell-depleted + T, cells n = 9). Secretion was
significantly inhibited by the re-addition of T, cells both in the
presence of paternal and pooled alloantigens (Friedman’s test;
P <005, followed by Bonferroni-corrected Wilcoxon test;
*P < 0-05).

Effect of T4 on IL-4 secretion
in pregnant women
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Figure 6. Effect of Ty cells on the number of IL-4-secreting cells
from pregnant women (n = 10). Secretion was significantly, or
almost significantly, inhibited by the re-addition of T, cells in the
presence of paternal alloantigens in comparison to Ty,-cell-depleted
cultures and total PBMC, respectively (Friedman’s test; P < 0-01, fol-
lowed by Bonferroni-corrected Wilcoxon test; *P < 0-05, P =
0-059).

re-added to the cultures, secretion of IL-4 against paternal
alloantigens was significantly inhibited compared to Tycg-
cell-depleted cultures (P < 0-05) and was almost signifi-
cantly lowered in comparison to total PBMC (P = 0-06).
In contrast, the IL-4 response in the presence of pooled
alloantigens was not significantly suppressed by re-adding
Tieg cells to the cultures.
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Discussion

Maintenance of normal pregnancy is based on the ability
to tolerate fetal alloantigens. The pregnant state resembles
that of transplantation and involves adaptation of the
maternal immune system. The importance of regulatory
CD4" CD25" T cells in peripheral tolerance against both
foreign and self antigens sheds light on the possibility of
Tyeg cells playing a role in fetal tolerance. In the present
study, we have developed an in vitro method for studying
the role of Ty, cells in maternal tolerance towards fetal
and unrelated alloantigens.

This study is the first to apply the sensitive ELISPOT
technique for investigation of T,eg-cell suppressivity. In
addition to the high sensitivity of the ELISPOT method,
analysing cytokine secretion rather than proliferation
seems to be a more sensitive approach for analysis of
Tyeg-cell suppression.”” Furthermore, looking at different
immune response outcomes, i.e. Thl-like and Th2-like
reactions, adds additional information about T,ce-cell
function. In this study, single and pooled alloantigens
did not always significantly increase the IL-4 and
IFN-y responses. This suboptimal stimulation, with a
responder : stimulator ratio of 2:1, was deliberately
chosen for this assay. It has convincingly been shown that
in situations of high antigen-specific, as well as unspecific,
stimulation T cells become less sensitive to the regulatory
effects of T, cells.*®4

Although the alloantigenic stimulation was suboptimal
in this study, we confirmed previous reports by our
group and others showing that during pregnancy, allo-
reactivity is biased towards a Th2-like response with
higher secretion of IL-4 compared to that in non-preg-
nant controls.”*?'* In contrast to previous data,31
pregnant women showed significantly higher Th2-like
responses against both paternal and unrelated pooled
alloantigens compared to non-pregnant controls. In
addition, pregnant women showed both spontaneous
and stimulated increased IL-4/IFN-y ratios compared to
non-pregnant women. This suggests that the Th2-like
deviation seen during pregnancy is not specific to pater-
nal/fetal antigens but is more general and is driven by
pregnancy itself. Interestingly, pregnant women did not
alter their Thl-like activity compared to non-pregnant
women. Nevertheless, pregnant women, but not non-
pregnant controls, displayed significantly, or almost sig-
nificantly, increased IFN-y secretion against unrelated
and paternal alloantigens compared to the spontaneous
secretion. This possibly reflects an overall increased pri-
ming sensitivity of Thl-like immunity during pregnancy
compared to the non-pregnant state. Since the effects of
IL-4 have been shown to govern those of IFN-y *° this
would allow for a Thl-like response to occur when
necessary under the control of the meliorated Th2-like
activity.

© 2007 Blackwell Publishing Ltd, Immunology, 120, 456-466

CD4* CD25" reqgulatory T cells in human pregnancy

To investigate the purity of the immunomagnetically
selected CD4" CD25" regulatory T cells, surface expres-
sion of CD25 and mRNA expression of FOXP3 were ana-
lysed by flow cytometry and real-time PCR, respectively.
High expression of CD25 (CD25"€™) was used to define
Treg cells and this gate was adjusted to contain CD4" cells
that expressed CD25 more brightly than the CD4~ CD25"
cells. The median number of peripheral CD4* CD25"" "
in PBMC from the non-pregnant control individuals was
2% of CD4", which is in agreement with previous
reports.” Since CD25 is a marker of activation, it is highly
possible that an unknown amount of CD4" CD25",
potentially activated, T cells contaminated the immuno-
magnetically selected T,ee-cell population. Despite recent
reservations, the transcription factor FOXP3 is still the
best marker of CD4" CD25" T, cells and the expression
of this factor was investigated in the different popula-
tions. Real-time PCR revealed that the selected
CD4" CD25" cells expressed considerably more FOXP3
mRNA than CD4" CD25%-depleted PBMC or total
PBMC, indicating an enrichment of T.eg cells in this frac-
tion. This was further supported by the flow cytometric
analyses showing a median of 53% CD25""€" cells of the
selected CD4" CD25" cells. Conversely, CD4" CD25"-
depleted PBMC and total PBMC showed 0-6% and 2%
CD4" CD25™8" of CD4", respectively. Furthermore, no
difference in FOXP3 expression was seen between these
two latter populations. Taken together, the selected Ti,-
cell population seemed to be relatively pure whereas the
CD4" CD25"%-depleted population still contained a con-
siderable proportion of potentially regulatory FOXP3
mRNA-expressing and CD25""€"_expressing cells. This
should be taken into consideration when interpreting the
results of this study. To further improve the purity of the
subpopulations, flow-cytometry-based sorting strategies
may be preferred.

Keeping in mind the incomplete depletion of T4 cells,
this was most probably the reason why depletion of
CD4" CD25" cells did not cause a significant elevation of
the cytokine response in the T,-MLC-ELISPOT assay
regardless of stimuli, in either samples from pregnant
women or non-pregnant controls compared to total
PBMC. In addition, many more T cells were re-added
than removed, which would also explain why differences
were seen between T,e-cell-depleted and reconstituted
cultures but not total PBMC and T,-cell-depleted cul-
tures. In non-pregnant controls, Tyeg cells suppressed the
IFEN-y response when re-added to T,.s-cell-depleted cul-
tures in the presence of pooled alloantigens but not single
alloantigens. This shows that pooled alloantigens seem to
be a better model stimulus than single alloantigens when
studying suppression of alloantigenic Thl-like reactions
in the Tyg-MLC-ELISPOT assay during normal condi-
tions. Since non-pregnant controls displayed very low
secretion of IL-4, Tg-cell suppression of Th2-like
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responses could not be compared between pregnant
women and non-pregnant controls in this study. T, cells
from both pregnant and non-pregnant women suppressed
IFN-y secretion against pooled alloantigens when
re-added to T,g-cell-depleted cultures. Hence, during
pregnancy, T,e-cell suppression of Thl-like alloantigen
reactions does not seem to be dramatically altered com-
pared to non-pregnant controls. Several studies have sug-
gested an increase in the peripheral CD4" CD25" T,ep-cell
pool during pregnancy.’*>® However, a very recent study
does not support these results.”® In our study, we did not
find any evidence for altered T, numbers or function
during pregnancy because no considerable change in sup-
pression of Thl-like immunity was seen when compared
to non-pregnant individuals. However, further investiga-
tions, i.e. involving titration of the number of T4 cells in
the MLC-ELISPOT assay, have to be performed to draw
such conclusions.

In pregnant women, T, cells were able to significantly
suppress both Thl-like and Th2-like reactions against
paternal alloantigens when re-added to Ti.g-depleted cul-
tures. Interestingly, in the presence of unrelated alloanti-
gens, T, cells from pregnant women significantly
suppressed the Thl-like, but not the Th2-like, reaction. In
line with our results, Cosmi and colleagues reported that
human Thl and Th2 clones have different susceptibilities
to the suppressive effects of thymic T,eq cells.”’ Th2 clones
were less sensitive to Tg-cell suppression than Thl
clones, especially in the presence of IL-4 or IL-9. Wing
et al. showed that in birch-allergic individuals, T, cells
become less suppressive of Th2-like, but not Thl-like,
antigen-specific reactions, during the birch pollen sea-
son.”> We speculate that in pregnant women, Treg cells
specific for paternal alloantigens are activated and/or
expanded in vivo. When reactivated in vitro by paternal
alloantigens, Tieg cells limit both Thl-like and Th2-like
reactions against paternal alloantigens. However, in the
presence of unrelated alloantigens, fewer T,., cells are
activated. We show that during pregnancy Th2-like activ-
ity is increased, as illustrated by increased IL-4 secretion
and increased IL-4/IFN-y ratio compared to non-preg-
nant women. This possibly lowers the overall T,e; sup-
pression of Th2-like responses. In addition, because no
immunological memory exists against the unrelated allo-
antigens, fewer T,., cells are activated in vitro by these
alloantigens. Supposing that Th2 cells are in fact less sus-
ceptible to Tyeg-cell suppression, the Thl reaction against
unrelated alloantigens would be preferentially suppressed.
In contrast, in pregnant women, the paternal specific T,
cells may be proportionally more abundant and are hence
able to suppress both Thl and Th2 reactions. These
results were somewhat surprising because it could be
expected that T.g cells would support Th2 responses
against paternal alloantigens during pregnancy. Import-
antly, our results suggest that natural CD4" CD25" T,
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cells are not responsible for this differential regulation but
that they are still important in controlling immune
responses during pregnancy. However, our observations
do not exclude the possibility of other regulatory T-cell
subsets playing a role in the Th2 deviation seen during
pregnancy.

In conclusion, we have successfully developed a model
for studying T, cells in antifetal (antipaternal) cytokine
reactions during pregnancy. We show that Th2-like activ-
ity is increased during pregnancy and that T cells are
able to suppress both Thl-like and Th2-like immunity
against paternal/fetal alloantigens. These antigens are
obviously constantly present during pregnancy and
immune responses against them need to be strictly regula-
ted. We hypothesize that when encountering unrelated
alloantigens, Th2-like cells seem able to escape the
suppression of T,., cells, which would allow for IL-4, in
conjunction with CD4" CD25" T, cells, to control
potentially detrimental IFN-y reactions during pregnancy.
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