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Placental growth factor exerts modulatory effects on in vitro activated T cells
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ABSTRACT

Background. Recent studies demonstrated immunosuppressive properties of vascular endothelial growth factor
(VEGF-A) and identified VEGF-A as a key mediator of tumor-induced immunosuppression. Placental growth
factor (PIGF) is another member of VEGF family in which dramatic elevation is associated with effective immune
adaptation in successful pregnancy, whereas low concentrations are related to pregnancy complications resulting
from the activation of immune system. Previously, we have shown that activated T cells express VEGF receptor
type 1 (VEGFR-1), and PIGF inhibits T cell proliferation in VEGFR-1-dependent manner.

The aim of the present study was to further characterize PIGF effects on T cell responses in vitro.

Materials and methods. Peripheral blood mononuclear cells (PBMC) from healthy donors were stimulated with
anti-CD3 monoclonal antibodies (a-CD3) in the absence or presence of PIGF and assessed for IL-10 production,
programmed cell death and the expression of inhibitory receptors (PD-1, CTLA-4, Tim-3) in CD4+ and CD8+
T cell subsets.

Results. The addition of PIGF to PBMC cultures activated with a-CD3 resulted in increased percentages of IL-
10-producing CD4+ and CD8+ T cells. Besides, PIGF promoted CD8+ T cells apoptosis while did not affect
programmed cell death within CD4+ T cells. Notable, T cell activation with a-CD3 in the presence of PIGF was
accompanied by the enhancement of PD-1-expressing cells in CD8+ T cell subset and Tim-3-expressing cells in
both CD4+ and CDS8+ T cells, and by the increased expression of PD-1 and Tim-3 on T cells.

Conclusion. Our in vitro findings indicate that PIGF can inhibit T cell responses due to the increasing interleukin-10
(IL-10) production, promoting CD8+ T cell apoptosis and enhancing the expression of PD-1 and Tim-3 inhibitory
receptors. Given the elevated levels of PIGF in successful pregnancy and its decrease in gestation complications,
the obtained data also suggest that PIGF-mediated suppression may be implicated into the governing immune
evasion in pregnancy.
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PE3IOME

AxTyanbsHocTb. HeaBHue nccinenoBaHus BRIIBHIM NIMMYHOCYTIPECCHBHBIE CBOHCTBA (pakTOpa poCcTa SHAOTEINHS
cocynoB (VEGF-A) u ero KiIroueByl0 pOJib B OMyXOJb-WHAYLHPOBAHHOW MMMyHOcynpeccuu. [lmanenrapHbIit
takrop pocra (PIGF) sBnsercs eme oguum npencraButenem cemelictea VEGF, peskoe Bo3pacTaHne KOTOPOTO
acCOIMUPOBAHO ¢ YPPEKTUBHON UMMYHHOW afjanTtanueil Ipu yCcremHoi 6epeMeHHOCTH, TOTJa KaK HU3KHE KOH-
nenTpanun PIGF sBIsfOTCS MPeJUKTOPOM T€CTallMOHHBIX OCIOKHEHHH Ha ()OHE aKTHBALUH UIMMYHHOH CHCTEMEL.
Panee Hamu moka3zano, 4to akTHBHpoBaHHBIE T-KineTkH sKcnpeccupyrot perentopsl VEGF 1-ro tuma (VEGFR-1)

u PIGF uepe3 csaspiBanue ¢ VEGFR-1 nuarudupyer npoiudepanuro T-KiIeTok.

Hens. Janbreiinee ndydenue pausHus PIGF Ha T-ki1eTouHblit oTBeT in vitro.

Marepnajnl u MeToabl. MoHonykieapusle kietku (MHK) nepudeprueckoil KpoBH 310pOBBIX JOHOPOB CTUMY-
JIMPOBAJIM MOHOKIOHAIBHEIMU aHTH-CD3-anturenamu (a-CD3) B 0TCyTCTBHE M IPUCYTCTBHU PEKOMOMHAHTHOTO
PIGF n onenuBany npoxykiio narepieiiknia-10 (IL-10), ypoBeHs aronTosa n SKCIPECCHIO MHIMOUTOPHBIX pe-

nentopos (PD-1, CTLA-4, Tim-3) B cyononymsiuusix CD4+ u CD8+ T-kierok.

PesyabTarel. AktuBanus MHK a-CD3 B npucyrcteun PIGF npuBoamia k Bo3pacTaHHIO OTHOCHTEIIEHOTO COJIEP-
skaaust CD4+ u CD8+ T-kinetok, nponyuupyronmx I1L-10. Kpome Toro, PIGF ycunuiBan anonto3 ak THBHPOBaHHBIX
CD8+ T-nmuMdouuToB, HE BIIUSSA 3HAYMMO Ha YPOBEHB IIPOrPaMMHUPOBAHHON KiteTo9HOM rudenn CD4+ T-kieTok.
XapakrepHo, uTo aktuBanus T-kietok a-CD3 B mpucyrctBuu PIGF conmpoBoknanace Bo3pactanuem PD-1 skc-
MpecCUpYIOMUX KIeToK B cyomomymsiuu CD8+ T-xietok u Tim-3-skcnpeccupyromux kiaetok cpenu CD4+ u

CD8+ T-k1eTok, a Takxke MOBBIMeHUEM ypoBHs 3kcripeccud PD-1 u Tim-3 Ha T-knetkax.

3akaouenne. PIGF criocob6eH nuruOupoBath T-KI€TOUHBIH OTBET MOCPEACTBOM ycuiieHus npoaykiuu 1L-10 u
aKTHBAIlMOHHO-UHAyIMpoBaHHOTO amnonTto3a CD8+ T-kneTok, a Takke 3KCIPECCHH HHTHOUTOPHBIX PELENTOPOB.
VYuursiBasi noBsitieHHbIN ypoBeHb PIGF npu ¢usnonorndeckoit 66peMEHHOCTH U €r0 CHM)KCHHE IMPU TecTall-
OHHBIX OCJIOXKHEHUSX, MOJYy4YEHHbIC JaHHbIE MO3BOJIAIOT MPEIonarath, 4To MHruOMTOpHBIH 3ddext PIGF Ha
T-KI€TOUHBII OTBET MOXKET SBIATHCA €IIE OJHUM MEXaHM3MOM, 00eCTIEYHBAIONINM 3alUTY M0 OT HIMMYHHOK

CUCTEMBI MAaTEPHU.

Kawuessle cioBa: PIGF, T-knetku, armontos, IL-10, marn6éuropusie peuenropst, PD-1, CTLA-4, Tim-3.
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INTRODUCTION

Vascular endothelial growth factor (VEGF) family
proteins play a pivotal role in de-novo angiogenesis in
physiological and pathological conditions. VEGF-A
is the most active and the best-studied VEGF fami-
ly member that mediates pro-angiogenic activity via
activation of two receptors with tyrosine kinase activ-
ity, i.e. VEGFR-1 (FIt-1) and VEGFR-2 (KDR/Flk-1)
[1]. Placental growth factor (PIGF) is another potent
pro-angiogenic factor that is ligated exclusively with
VEGFR-1 [2, 3].

Recent studies showed that VEGF-A, in addition
to pro-angiogenic activity, demonstrates immuno-
modulating properties: (i) induces accumulation of
regulatory T cells and myeloid suppressor cells, (ii)
inhibits maturation of dendritic cells (DCs) and T
cell functions [4], and operates as a key factor of tu-
mour-induced immunosuppression [5]. Nevertheless,
PIGF-dependent immunomodulating properties have
not been extensively studied. It is known though that
PIGF: (i) stimulates M2 macrophage polarisation, (ii)
suppresses DC maturation, and (iii) induces regulato-
ry B-cells [3, 6]. However, the effects of PIGF on T
cell functions remain largely unexplored. According
to the literature data, the effect of VEGF on T cells is
mediated via VEGFR-2 [7]. At the same time, PIGF is
a selective ligand for VEGFR-1, and its role in regu-
lating functional T cell activity remains unclear.

Studies of PIGF-dependent immunomodulating
properties are motivated by a putative participation
of this factor in tumour escape from immune surveil-
lance, since increased PIGF levels in most tumour
types are associated with immune dysfunctions and
correlate with tumour progression [8, 9]. PIGF-depen-
dent immunomodulating activity in pregnancy evoked
even stronger interest owing to significantly increased
serum PIGF levels in normal pregnancy, in contrast to
decreased PIGF concentrations in gestational compli-
cations [10].

During pregnancy the immune system undergoes
a significant rearrangement (termed “immune adapta-
tion™) [11], which is directed on inducing tolerance to
paternal alloantigens and preventing excessive inflam-
matory reactions. Several mechanisms underlying
immune adaptation have been elucidated, including
depletion of alloantigen-reactive T cells, Th1—Th2
switch and induction of regulatory T cells [11]. Re-
cent studies have also demonstrated the role of T cell
exhaustion in suppressing maternal T-cell-mediated
cytotoxic activity [12, 13]. From this standpoint, im-
munomodulating activity of PIGF could represent yet

another mechanism involved in fetal protection from
the maternal immune system.

Previously, we demonstrated VEGFR-1 expres-
sion on activated T cells, whereby ligation of PIGF
with VEGFR-1 resulted in inhibition of CD4+ and
CD8+ T cell proliferation in mononuclear cell cul-
tures [14]. This study aimed to elucidate the effects of
PIGF on T cell responses in vitro, with particular ref-
erence to T-cell-derived immunosuppressive cytokine
production (IL-10), T cell apoptosis and expression of
inhibitory receptors (PD-1, CTLA-4, Tim-3) involved
in T cell exhaustion.

MATERIALS AND METHODS

This study included 35 healthy blood donors of
both genders aged 20—54 years. Peripheral blood mon-
onuclear cells (PBMC) were isolated from heparin-
ised venous blood using Ficoll-Verografin (p = 1.078
g/ml) gradient centrifugation. PBMC were cultivated
in round-bottomed 96-well plates in RPMI-1640 cell
culture medium supplemented with 10% inactivated
donor AB (blood group IV) serum, 2mM HEPES-buf-
fer, 0.3 mg/ml L-glutamine and 100 pg/ml gentamycin
(all reagents were from Sigma-Aldrich, St. Louis, MO
USA) at 37°C in and 5% CO,. PBMC were stimula-
ted in the presence of monoclonal anti-CD3 antibodies
(1 pg/ml, a-CD3, ICO-90, MedBioSpektr, Moscow),
0.1-100 ng/ml PIGF (R&D Systems, Abingdon, UK).
To assess proliferation, cells were incubated for 4
days, followed by pulse-labelling with 1.0 mCi/well
of 3H-thymidine. Cells were harvested, and radio-
activity was quantitated using a Liquid Scintillation
Counter SL-30 (Intertechnic, France).

In a separate set of experiments, we studied the ef-
fect of neutralising anti-VEGFR-1 antibodies (a-VEG-
FR-1) on suppressive PIGF properties. To this end,
PBMC were stimulated with a-CD3 in the presence of
PIGF (5 ng/ml) followed by cultivation in the presence
or absence of neutralising a-VEGFR-1 or a-VEGFR-2
antibodies (HumanVEGFRI1/Flt-1; VEGFR2/KDR/
Flk-1 antibodies, 2.5 pg/ml; R&D Systems, USA),
which were added to PBMC cultures concomitantly
with PIGF or 24 h later.

Intracellular IL-10 expression was analysed in
48 h PBMC cultures activated by a-CD3 in the pres-
ence or absence of PIGF. Cells were labelled by an-
ti-CD3 (Phycoerythrin, PE), CD8+ (Fluorescein
isothiocyanate, FITC), CD4 (Peridinin chlorophyll,
PerCP), IL-10(PE) antibodies (BD Biosciences, San
Jose, CA, USA) followed by fixation/permeabilization
using fixation/permeabilization Transcription Factor
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Buffer Set (BD Biosciences), according to the manu-
facturer’s instructions. Content ratio of IL-10-secret-
ing cells in CD4+ and CD8+ T cell gates (altogether
30,000 events were collected for each sample) was
analysed by flow cytometry (BD FACSCalibur).

Apoptosis of activated T cells was analysed by
flow cytometry. To this end, PBMC were stimulated
by a-CD3 and PIGF, as described above, and cultiva-
ted for 48 h. Cells were labelled with anti-CD4(FITC)
or anti-CD8(FITC) antibodies (BD Biosciences)
followed by Annexin V/7-7-amino-actinomycin D
(ADD) (PE-conjugated Annexin V/7-ADDXkit), ac-
cording to the manufacturer’s instructions. Altogeth-
er 10,000 events were assessed for each sample, and
percentages of Annexin V-positive and/or 7-ADD-po-
sitive CD4+ and CD8+ T cells were analysed using
CellQuest software (BD Biosciences, USA).

Cell surface expression of inhibitory receptors
(PD-1, CTLA-4, Tim-3) on T cells was analysed by
flow cytometry using anti-CD4(Pe), anti-CD8(FITC),
anti-CTLA-4(Phycoerythrin/Cyanine dye tandem
conjugate, PE-CyS5), anti-PD-1(Allophycocyanin,
APC), anti-TIM-3(PerCP/Cyanine dye tandem con-
jugate, PerCP/Cy5.5) and relevant isotype controls
(BD PharMingen, USA). Percentages and mean flu-
orescence intensity (MFI) of PD-17, CTLA-4", and
Tim-3* cells were analysed in CD4+ and CD8+ T
cell gates. Statistical analysis was performed using an
analytics software portfolio Statistica 6.0 for Win-
dows (StatSoft Inc., USA). The data are presented
as Median (Me) with the interquartile range [Q—0Q.].
Related samples were compared using a nonparamet-
ric paired difference test (Wilcoxon signed-rank test)
with the Bonferroni correction. Results were consid-
ered statistically significant at p < 0.05.

RESULTS

PIGF-mediated inhibition of a-CD3-activated T
cells is VEGF-independent.

We showed previously that VEGFR-1 blockade
aborted suppressive effects of PIGF on T cell pro-
liferation in a-CD3-stimulated PBMC cultures [14],
suggesting that PIGF exerted a direct inhibitory effect
on T cells via ligating with its cognate receptor VEG-
FR-1. PIGF is also known to activate PBMC and in-
duce VEGF production [15], which could also inhibit
T cell proliferation [7]. Suppressive effects of VEGF
have been described to manifest themselves from
day 7 under high VEGF concentrations [7], which
significantly surpassed VEGF levels present in PBMC
cultures [15].
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Fig. 1. Neutralising a-VEGFR-1 antibodies withdraw the
inhibitory effect of PIGF on T cell proliferation: PBMC were
stimulated with a-CD3-antibodies in the absence (/) and
presence of 5 ng/ml PIGF(2—6); neutralising a-VEGFR-1 (3,
4) or a-VEGFR-2 (5, 6) antibodies were added at a dose of
2.5 pg/ml concomitantly with PIGF (3, 5) or 24 h after the
beginning of cultivation (4, 6), counts per minute (cpm), Me
[0-0,], Min—-Max, n =8

In order to rule out the involvement of VEGF in
the inhibitory PIGF activity, we compared blocking
effects of a-VEGFR-1 and a-VEGFR-2 on PIGF-me-
diated suppression. Blocking antibodies were added
either simultaneously with PIGF or 24 h later taking
into consideration low VEGFR expression levels on
unstimulated T cells followed by significant augmen-
tation of VEGFR expression 24 h after the cultivation
onset. Figure 1 shows that PIGF presence resulted in
a significant (31%; 26—-38%, p =0.013) reduction in T
cell proliferation levels in response to a-CD3 stimu-
lation. Neutralising a-VEGFR-1 antibodies reduced
PIGF suppressive activity to 9% (3-25%) if added
concomitantly with PIGF and to 3% (0-16%) if add-
ed 24 h later. More pronounced inhibition of PIGF
suppressive activity in the last case was likely to be
due to higher VEGFR-1 expression on T cells 24 h
after a-CD3 stimulation. Of note, VEGFR-2 bloc-
kade did not abrogate PIGF-mediated suppressive
effects.

The effect of PIGF on IL-10 production by
a-CD3-activated CD4+ and CD8+ T cells.

To study the effect of PIGF on IL-10-producing
capacity of T cells, we analysed percentages of CD4+
and CD8+ T cells with intracellular IL-10 expression
in cultures of a-CD3-stimulated PBMC in the presence
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and absence of PIGF (Fig. 2). Activation of PBMC
with a-CD3 significantly increased relative numbers
of IL-10-positive cells in CD8+ T cell subpopulation
(p = 0.028). Although we also detected an increase in
IL-10-producing CD4+ T cells derived from most do-
nors studied here, these changes were not statistically
different from the baseline levels (p = 0.06).
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The addition of PIGF to PBMC cultures increased
proportion of IL-10" cells both in CD4+, and CD8+ T
cell subsets, as compared to a-CD3-stimulated PBMC
cultures incubated in the absence of PIGF. Of note,
percentages of CD8IL-10" T cells in PBMC cultures
incubated with PIGF were 2.7-fold higher, as com-
pared to CD4*IL-10" T cells (p = 0.018).
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Fig. 2. PIGF increases intracellular IL-10 expression CD4+ (@) and CD8+ (b) by T lymphocytes: PBMC were cultivated in the

medium (0) or stimulated with a-CD3 in the absence (a-CD3) and presence of 5 ng/ml PIGF (a-CD3+PIGF). After 48 h of cultivation

intracellular IL-10 expression was assessed CD4+ and CD8+ T cell subpopulations using flow cytometry. The data are presented as
individual values and Me, n = 9-11

PIGF enhanced apoptosis of a-CD3-activated
T cells.

In order to address putative involvement of PIGF
in programmed cell death regulation, we studied the
effect of PIGF on the level of activation-induced ap-
optosis in CD4* and CD8" T cells. Apoptotic and
necrotic cells were identified by a three-colour flow
cytometry. Cells in early apoptosis are known to ex-
clude a DNA-labelling vital dye 7-ADD, thus consis-
tent with Ann"/7-ADD phenotype. Late apoptotic or
necrotic cells are permeable to 7-AAD and therefore
could be identified as Ann"/7-ADD". Most CD4+ and
CD8+ T cells in freshly isolated PBMC were viable
(Ann7/7-ADD~ phenotype) and contained negligible
proportion of apoptotic cells. Incubation of PBMC
with a-CD3 for 48 h was accompanied by an increase
in percentages of apoptotic cells in CD4+ and CD8+
T cell subpopulations (Fig. 3). Further supplementa-
tion of PBMC cultures with PIGF enhanced apoptosis
in CD8+T cells (p < 0.05), but not in CD4+ T cells.
Since the number of Ann*/7-ADD" cells reflects only
proximal (early) apoptotic events, we performed addi-
tional analysis of the total amount of Ann+ T cells (i.e.
Ann"/7ADD ™). Relative proportions of Ann+CD8+
T cells were found to be higher in a-CD3-activa-

ted PBMC incubated with PIGF than that in control
a-CD3 stimulated PBMC. Meanwhile, no differences
were detected in percentages of AnnV+CD4+ T cells
incubated in the presence or absence of PIGF.

PIGF enhanced the expression of inhibitory recep-
tors on activated T cells.

Overexpression of inhibitory receptors (also
called inhibitory checkpoint molecules) is considered
an important mechanism restraining T cell responses
due to T cell exhaustion [12]. In order to assess the
effects of PIGF on inhibitory receptor expression, we
studied the expression of PD-1, CTLA-4, and Tim-3
on CD4+ and CD8+ T cells in 48 h PBMC cultures
(Table).

PBMC stimulation with a-CD3 increased percent-
ages of T cells expressing checkpoint molecules. Thus,
relative numbers of CD4+PD-1+ and CD8+PD-1+ T
cells following anti-CD3 stimulation were statistically
higher, as compared to that observed in unstimulated
PBMC cultures. The addition of PIGF enhanced the
proportion of PD-1-positive CD8+ T cells (p < 0.05),
with no effect on CD4+PD-1+ T cells. Ligation of T
cell receptors with a-CD3 antibodies resulted in an
increased proportion of CD4+ T cells co-expressing
CTLA-4, while incubation with PIGF did not affect
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percentages of CTLA-4-positive CD4+ or CD8+ T
cells. Furthermore, a-CD3 stimulation enhanced per-
centages of Tim-3-positive cells in CD4+ and CD8+
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T cell subpopulations, while in the presence of PIGF
both CD4+Tim3+ and CD8+Tim3+ T cells showed
statistically significant increase (p < 0.05).
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Fig. 3. PIGF enhances apoptosis of a-CD3-activated CD8+ T cells: the summarized data on the relative numbers of cells in the
early apoptosis stage (Ann*/7ADD") and the total amount of apoptotic cells (AnnV+) in CD4+ (a) and CD8+ (b) T cell gates are
presented. The data from four independent experiments were analyzed using the paired Wilcoxon test, n = 10

Table
Effect of PIGF on the checkpoint molecules expression on a-CD3-activated CD4+ and CD8 + T cells, Me [0 Q. ],n =8
CD4*T cells (%) CDS8"T cells, %
PBMC - -
PD-1 CTLA-4 Tim-3 PD-1 CTLA-4 Tim-3
0 3.7[2.2-4.3] 4.6 [2.1-7.1] 2.9 [2.0-3.6] 2.3[1.6-2.8] 0.4 10.1-0.8] 0.7 [0.1-1.6]
a-CD3 6.0* [3.0-8.5] | 7.0* [2.4-10.2] 3.7% [2.7-5.3] 3.2*%[2.44.2] 0.3 10.1-0.7] 2.4*%[1.6-3.2]
a-CD3+PIGF 5.5%[4.5-8.1] | 7.3*% [4.2-10.0] 5.0%# [3.3-6.6] 3.8 *#[2.94.5] 0.5[0.3-0.7] S5.1%# [3.3-6.1]

Note. The percentage of PD-1, CTLA-4 and Tim-3-positive cells in the gates of CD4+ and CD8+ T lymphocytes was evaluated in 48-hour
cultures of unstimulated PBMC (0) and PBMC activated by anti-CD3-antibodies in the absence of (a-CD3) and in the presence of 5 ng/ml PIGF

(a-CD3+PIGF).

* p < 0.05 — significance of differences compared with unstimulated PBMC; # p < 0.05 — significance of differences compared with a-CD3-

activated PBMC.

Importantly, PIGF not only increased percentages
of PD-1- and Tim-3-positive T cells, but also enhanced
the expression of these receptors on T cells. Thus,
treatment of PBMC in the presence of PIGF facilitat-
ed the enhancement of mean fluorescence intensity
(MFI) of PD-1 staining on CD4+ T cells from (37.1
+ 3.5) to (47.8 £ 5.8), while on CD8+ T cells MFI
of PD-1 staining increased from (38 + 3.3) to (47.0 £
4.1) (p < 0.05). MFI of Tim-3 staining increased on
CD4+ T cells in the presence of PIGF from (41.0 +
4.2) to (49.0 £4.9), as well as on CD8+ T cells from
(44.0 £4.5) to (49.0 £ 5.3) (p < 0.05). Taken together,
activation of PBMC in the presence of PIGF resulted
in moderate, but statistically significant augmentation
of expression levels of PD-1 and Tim-3 on both CD4+
and CD8+ T cells.

DISCUSSION

The data obtained in this study showed that in-
hibitory effects of PIGF on T cell proliferation in
a-CD3-stimulated PBMC cultures were mediated via
VEGFR-1, and that these effects were not associated

with a probable increase in VEGF production by acti-
vated PBMC [15], as judged from the fact that VEG-
FR-2 blockade did not withdraw suppressive effects
of PIGF. In addition, it was demonstrated that P1GF:
enhanced IL-10 production by activated CD4+ and
CD8+ T cells, aggravated apoptosis of CD8+ T cells,
and increased expression of inhibitory receptors PD-1
and Tim-3 on T cells, implying an important role of
PIGF/VEGFR-1 signal transduction pathway in mod-
ulation of T cell functions.

VEGFR-1 has been reported to possess low tyros-
ine kinase activity, which for a long time supported
a paradigm that considered VEGFR-1 exclusively a
ligand-trapping receptor [2]. However, it was subse-
quently shown that this receptor was expressed on
haemopoietic precursors, monocytes/macrophages
and DCs, and that VEGFR-1-dependent signalling
pathway was involved in mobilisation of bone marrow
precursors, activation and migration of monocytes,
and regulation of DC maturation and cell proliferation
[3, 16, 17]. Moreover, recent studies demonstrated
that VEGFR-1-mediated signalling in hypoxic condi-

bionnereHb cubnpckon meamumHbl. 2020; 19 (4): 158-166 163



Smetanenko E.A., Leplina O.Yu., Tikhonova M.A. et al.

Placental growth factor exerts modulatory effects on in vitro activated

tions activated STAT3 transcription factor [8], which
plays an important role in regulating T cell functions
by inhibiting proliferation and IL-2-producing capaci-
ty of T cells [18]. These observations are in agreement
with our data that PIGF exerts inhibitory effect on T
cell proliferation by binding to VEGFR-1.

This study identified an interesting property of
PIGF - this factor stimulated IL-10 production by ac-
tivated T cells. Y.L. Lin et al. demonstrated previous-
ly that PIGF modulated cytokine-secreting function
of T cells indirectly via a DC-dependent mechanism.
Thus, PIGF-modified DCs enhanced 1L-13 and IL-5
production by allogeneic T cells without affecting IL-
10 production in mixed leukocyte culture [6]. These
results stress important differences between direct and
DC-mediated effects of PIGF.

J.Y. Shin et al. described the augmentation of
IL-10 production due to VEGF mediated ligation of
VEGFR-1 on activated spleen T cells and CD4+ T cell
line [19], which supports the ability of VEGFR-1 to
exert direct effects on T cells. However, the authors
did not detect suppression of T cell proliferation under
conditions of VEGFR-1 activation. This fact is likely
explained by PIGF and VEGF exerting different ef-
fects when binding to VEGFR-1 due to the activation
of different downstream transcription factors [17].

IL-10 is known to be a key immunosuppressive cy-
tokine involved in restricting immune responses and
inducing tolerance in pregnancy [20]. Suppressive ef-
fects of IL-10 are mediated principally via generation
of tolerogenic DCs, induction of regulatory T cells
and activation of anti-inflammatory JAKI1/STAT3
signalling pathway in T cells [21]. Inhibitory effects
of IL-10 are most clearly demonstrated with regard to
CD4+ T cells, in which endogenous IL-10 production
constitutes an important regulatory mechanism re-
straining CD4+ T cell functions [22]. The effect of IL-
10 on CD8+ T cell functions is far less unambiguous.
Indeed, in tumour growth IL-10 could activate and
stimulate expansion of cytotoxic CD8+ T cells [23],
whereas in chronic infection a direct inhibitory effect
of IL-10 on CD8+ T cells has been described [24].
Our data suggests that PIGF is capable of enhancing
IL-10 production not only by CD4+, but also CD8+
T cells. However, whether IL-10 production underlies
the suppressive effects of PIGF on T cell proliferation,
with particular reference to CD8+ T cells, remains an
open question and awaits further investigations.

Importantly, this study also revealed that PIGF
could enhance both apoptosis of CD8+ T cells and ex-
pression of inhibitory receptors (PD-1 and Tim-3) on T

cells. The ability of PIGF to modulate apoptosis levels
was recently demonstrated using an experimental
lung emphysema model [25]. The authors showed that
PIGF increased apoptosis of lung epithelium via acti-
vation of c-Jun N-terminal kinase (JNK) and protein
kinase C. Our study demonstrated that PIGF enhanced
apoptosis of activated CD8+ T cells for the first time.

Interestingly, PIGF also increased the relative
numbers of PD-1+ cells, and specifically in CD8+
(but not CD4+) T cell subpopulation, suggesting that
PIGF-mediated augmented apoptosis of CD8+ T cells
could be associated with enhanced PD-1 expression.
An important role of PD-1 inhibitory receptors in sup-
pressing cytotoxic T cell functions has been convin-
cingly demonstrated previously in cancer [26], and re-
cently in pregnancy [27]. PD-1-dependent signalling
has been shown to inhibit T cells via various mech-
anisms, including apoptosis induction [28]. Further-
more, increased expression of checkpoint molecules
could reflect T cell exhaustion state [12].

In addition to PD-1 up-regulation, treatment with
PIGF enhanced relative numbers of Tim-3-positive
cells, and notably both in CD8+ and CD4+ T cell
subpopulations. Tim-3 is another checkpoint mole-
cule involved in the formation of T cell exhaustion
status, thus playing an important role in suppressing
maternal immune responses against fetal alloanti-
gens during successful pregnancy [29]. T. Voronet
et al. demonstrated for the first time that VEGF-A
strengthened expression of various inhibitory check-
point molecules (PD-1, CTLA-4, Tim-3) on CD8+ T
cells in tumour-bearing mice by engaging a VEGFR-2
signalling pathway [30]. These authors also detected
simultaneous expression of several inhibitory recep-
tors on CD8+ T cells in the presence of high VEGF
concentrations.

Our data showed that angiogenic factors have sti-
mulating effects on checkpoint molecule expression
on human T cells, and, in particular, we demonstrated
that PIGF enhanced the expression of PD-1 and Tim-3
on T cells. Along with this, if the stimulatory effect of
PIGF on PD-1 expression was observed only in CD8+
T cell subpopulation, the influence of PIGF on Tim-
3 expression was detected in both CD4+ and CD8+
T cell subpopulations. A co-expression analysis of
different inhibitory receptors was beyond the scope of
this investigation, which is a study limitation. Howe-
ver, the increase of both CD8+PD-1+ and CD8+-
Tim-3 T cells associated with reduced CD8+ T cell
proliferation in cultures with PIGF, implies that the
up-regulation of checkpoint molecules on the surface
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of T cells could mediate inhibitory effects of PIGF on
T cells.

The data obtained in this study infer that PIGF
could be considered a novel immunomodulator in
pregnancy. Indeed, serum PIGF concentrations are
known to increase during normal pregnancy, while
declining PIGF levels observed in placental hypoxia
serve as a predictor factor of pre-eclampsia and intra-
uterine growth retardation [10]. In spite of the high
prognostic value of PIGF levels, its pathophysiolo-
gical significance has not been fully elucidated.
Taking into consideration an important role of im-
mune adaptation in successful pregnancy paralleled
by pronounced immune impairments observed in
women with pre-eclampsia [31, 32], we hypothesise
that PIGF is involved in immune modulation in nor-
mal pregnancy, while reduced PIGF levels facilitate
immune system activation leading to the development
of pregnancy complications.

CONCLUSION

Taken together, this study showed that PIGF en-
hanced IL-10 production by activated CD4+ and CD8+
T cells, apoptosis of CD8+ T cells, and expression of
inhibitory receptors PD-1 and Tim-3 on T cells, evi-
dencing an important role of PIGF/VEGFR-1 signal-
ling pathway in modulating T cell functions. Taking
into account enhanced PIGF levels in normal preg-
nancy paralleled by their reduction during pregnancy
complications, we envisage that inhibitory effects of
PIGF on T cell responses could constitute yet another
mechanism governing immune evasion in pregnancy.
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