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Abstract

Objective To study the crosstalk between maternal immune cells and the developing embryo by investigating the
immunogenic properties of human blastocyst spent media (SM) on dendritic cells.

Methods In this prospective multicenter experimental study, human preimplantation embryo spent media were
collected after blastocyst formation, grouped based on successful or unsuccessful implantation, and analyzed by
protein array or used to stimulate monocyte derived dendritic cells (moDC). The immunomodulatory properties of
SMon moDC were investigated by analyzing changes in phenotype, cytokine secretion, indoleamine 2,3-dioxygenase
(IDO) activity, and ability to activate T cells.

Results A plethora of cytokines and growth factors secreted from preimplantation embryos was detected. Exposure
to embryo SM altered the phenotype of moDC in a manner dependent on the implantation outcome. Specifically, SM
from non-implanted embryos increased the expression of co-stimulatory molecules and activation markers on moDC.
Furthermore, SM treated dendritic cells secreted low levels of cytokines and growth factors and were able to stimulate
naive T cells. Activation of IDO was decreased in moDC after stimulation with SM.

Conclusions Our findings show that human preimplantation embryos secrete an abundance of molecules with the
ability to significantly affect and even regulate immune cells in their environment.
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Background

Maternal immune tolerance is pivotal for the success-
ful development of the semi-allogeneic fetus, involving
intricate cell-cell communication processes. Maternal
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In spontaneous conceptions, the live birth rate for
women under 35 years old is 25-30% and the pregnancy
rate is 30% on the first attempt [4], indicating that a sub-
stantial number of oocytes or embryos fail to fertilize or
implant respectively [5]. Similarly, assisted reproductive
technology (ART) yields a pregnancy rate of approxi-
mately 35%, depending on different risk factors (i.e.,
maternal age, congenital or anatomical abnormalities,
or infections) [6]. Although recent studies have reported
increased implantation rates for women under 35 years
[7-9], the need to understand the mechanisms involved
in successful implantation remains.

Prior to implantation, the uterus undergoes necessary
preparations characterized by endometrial thickening,
vascular transformation, and secretion changes. These
are accompanied by immunological changes facilitated
by factors like leukemia inhibitory factor (LIF) and inter-
leukin 1p (IL 1P), secreted by maternal cells [10, 11].
Uterine natural killer (NK) cells and dendritic cells (DC)
play crucial roles in decidual transformation by providing
signals such as transforming growth factor f1 (TGF-f1)
and soluble Fms-like tyrosine kinase-1 (sFlt1) [12, 13].

Human implantation initially requires a proinflam-
matory environment, characterized by the presence of
various proinflammatory signals and cytokines. The
“implantation window”, typically defined as days 19-24 of
a 28-day menstrual cycle, is the period when the endo-
metrium is optimally receptive for the implantation of a
free-lying blastocyst [14]. During this timeframe, prosta-
glandin E2 (PGE2), tumor necrosis factor a (TNFa), and
IL1p are released in the uterus, priming the endometrium
for the invading embryo [15]. Recent studies revealed
reduced post-implantation levels of T-cell immunoglob-
ulin mucin-3 (Tim-3) and programmed death-1 (PD-
1), molecules involved in anti-inflammatory pathways
[16]. However, as implantation progresses, the embryo’s
microenvironment shifts to an anti-inflammatory state to
prevent rejection and support fetal growth [17].

DC are vital regulators of the immune system, orches-
trating both pro-inflammatory and tolerant/anti-inflam-
matory immune responses by interacting with and
stimulating other immune cells either directly or through
cytokine and chemokine secretion. Immunogenic and
tolerogenic DC differ in their function, e.g., their ability
to induce different T cell subsets, and their characteris-
tics, e.g., the expression of co-stimulatory molecules or
surface markers, the production of different signaling
molecules, and the expression of the tryptophan catab-
olizing enzyme indoleamine 2,3-dioxygenase 1 (IDO-
1). IDO-1 plays a crucial role in regulating immune
responses and is expressed at the embryo-maternal inter-
face suppressing maternal T cell responses to fetal alloan-
tigens, while directly activating resting Treg [18].
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DC are present in the follicular fluid, the ovary, and the
decidua, where they can influence different aspects of the
female reproductive system. For instance, in the ovaries
they participate in the expansion of the cumulus-oocyte
complex, the release of the mature oocyte, and the for-
mation of the corpus luteum [19], while in the decidua
their interactions with Treg impact the invasion of the
extravillous trophoblast [20].

Although comprising only 1-2% of leukocytes in the
endometrium, DC play a crucial role there exhibiting dis-
tinct immature and mature phenotypes [21]. Specifically,
they can be characterized as immature non-activated
(CD209+), immature activated (DEC205+), and mature
activated (CD83+) [22, 23]. Most of the decidual DC
in early pregnancy are found to be immature and their
presence has been associated with the establishment of
healthy pregnancies [24, 25]. However, their scarcity has
limited research on DC and implantation.

This study aims to investigate whether the spent media
(SM) from in vitro fertilized blastocysts can affect the
maturation and differentiation of immature monocyte-
derived dendritic cells (moDC). By exploring the impact
of the embryo’s secretome on DC, we aim to gain insights
into the mechanisms governing successful implantation
and pregnancy.

Methods

Participants

Prospective participants undergoing an ART cycle were
recruited. Inclusion criteria involved maternal age (>18
and <41 years). Exclusion criteria involved known immu-
nological disorders (e.g., antiphospholipid syndrome
(APLS), multiple sclerosis, inflammatory rheumatic dis-
eases) and active or chronic infections. The study was
approved by the ethics committee of the Medical Univer-
sity of Innsbruck, Austria (EK Nr AN2014-0312 343/4.6)
and the ethics committee of “Land Vorarlberg” (EK-2-
9/2020). Signed informed consent was obtained from all
participants involved in the study.

Sample collection

Human preimplantation embryos were cultured in
23 pl of CSCM-NX (90167, FUJIFILM Irvine Scientific)
supplemented with 10% SSS (99193, FUJIFILM Irvine
Scientific) until the blastocyst stage in all the experi-
ments except for the custom human Quantibody array
(RayBiotech). In this case, the embryos were cultured
in 23 pl of global medium (LGGG-100, CooperSurgical)
supplemented with human serum albumin (GHSA-125,
CooperSurgical) until the blastocyst stage. SM were col-
lected on day 5 or day 6 depending on when the blasto-
cyst was formed and subsequently removed either for
cryopreservation or for a planned embryo transfer. No
blastocyst was left in culture for a prolonged period after
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its formation. Each embryo transfer was conducted using
ultrasound imaging to ensure precise catheter placement.
Visualization of the catheter during insertion enabled
alignment with the uterine curvature, facilitating optimal
deposition of the embryos within the endometrial cavity
via a semiautomatic dispenser.

After transfer or cryopreservation of the embryo, 23 pl
of SM were collected from single embryo cultures, snap-
frozen in liquid nitrogen, and stored at -80 °C until fur-
ther analyses. Only SM from high-quality embryos (grade
AA, AB, BA, or BB), graded as per Gardner et al., were
used [26, 27]. Cultured media untouched by any embryo
were used as blanks/negative controls in all experiments
in a manner parallel to that of embryo SM.

After fresh or cryopreserved embryo transfers, each
corresponding stored SM sample was categorized as
pregnant (prSM; positive hCG in peripheral blood 16
days post embryo transfer and detection of fetal heart-
beat via ultrasound around the 7th week of pregnancy) or
non-pregnant (npSM; negative hCG in peripheral blood
16 days post embryo transfer). SM samples collected
from embryos resulting in biochemical pregnancies
(positive hCG in peripheral blood 16 days post embryo
transfer, followed by a negative hCG or absence of an
identifiable pregnancy on ultrasound examination) were
excluded from this study and were not used in any of the
experiments. No preimplantation genetic testing was car-
ried out on the embryos included in the study. In accor-
dance with the regulations of Austria, genetic screening
is only performed when there are specific pathologies or
indications that necessitate it and is not part of the rou-
tine ART procedure.

Generation and culture of monocyte-derived dendritic
cells

Leucocyte reduction system chambers (LRSC) were
obtained from anonymous healthy female donors
through the Central Institute for Blood Transfusion and
Immunology (Medical University of Innsbruck, Inns-
bruck, Austria) according to the approval of the eth-
ics committee of the Medical University Innsbruck
(1265/2019). PBMC were isolated by density gradient
(7811, Stemcell Technologies) from LRSC. CD14+mono-
cytes were further acquired through negative selection
by magnetic sorting (130-096-537, Miltenyi) and purity
was assessed by flow cytometry>95%. 5x10* mono-
cytes were seeded in 96-well flat bottom plates in 200 pl
RPMI 1640 (BE12-167 F, Lonza) supplemented with 10%
FBS (10082147, Gibco), 1% Glutamax (35050038, Fisher
Scientific), 1% HEPES 1 M (H0887, Sigma) and 50 pg/
ml gentamycin (15750-037, Fisher Scientific). On day 0,
monocytes were stimulated with 20 U/ml IL4 (130-093-
91, Miltenyi) and 800 U/ml GM-CSF (Leukine sargamos-
tim, SANOFI). On day 2, they were re-stimulated with 20
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U/ml IL4 and 1600 U/ml GM-CSE. On day 5 the cells had
fully differentiated in immature moDC, as determined by
>95% expression of HLA-DR (human leucocyte antigen
DR). MoDC were then treated according to the different
experimental groups. For the prSM-moDC group, 20 pl
of embryo prSM were added. Similarly, for the npSM-
moDC group, 20 pl of embryo npSM were added. For
the control group of immature moDC, 20 ul of embryo
culture medium (untouched by any embryo) were added.
Finally, for the control group of the mature moDC, 20 pl
of embryo culture medium (untouched by any embryo)
were added and the cells were further stimulated with a
maturation cocktail. The maturation cocktail consisted
of 10 ng/ml TNFa« (300-01 A, Peprotech), 2 ng/ml IL-1b
(200-01B, PeproTech), 1000 U/ml IL-6 (200-06, PeproT-
ech), and 1 pg/ml prostaglandin E2 (P5640-1MG, Sigma).
In both immature and mature moDC, 20 pl of CSCM-
NXC supplemented with 10% SSS were added. MoDC
were cultured for 48 h. On day 7, all samples were col-
lected and centrifuged at 300 g for 6 min. Cell pellets and
supernatants were used for further analyses.

Generation and culture of CD4+ T naive cells

CD4+naive T cells were acquired from PBMC (as
described above in Generation and culture of mono-
cyte-derived dendritic cells) through negative selec-
tion by magnetic sorting (130-094-131, Miltenyi), and
purity of the CD4+CD45RA+CD45RO- naive T cells
was found>95%. 10° CD4+naive T cells were seeded in
96-well flat bottom plates in 180 pl TexMACS™ Medium
(130-097-196, Miltenyi) and 20 pl of 10* day 7 moDC cell
suspension in RPMI were added in each well for a final
1:10 ratio of allogeneic DC:CD4+naive T cells. For the
proliferation assay, CD4+naive T cells were labeled with
CFESE (SCT110, Sigma) prior to seeding. Cells were cul-
tured in the presence or absence of T Cell TransAct (130-
111-160, Miltenyi) for the activation of T cells. After 5
days, all samples were collected and centrifuged at 300 g
for 6 min. Cell pellets and supernatants were used for
further analyses.

Protein assays

SM were pooled into groups of five samples each to reach
the minimum volume requirements for a custom human
Quantibody array (RayBiotech). It was deemed inadvis-
able to dilute the samples, as this would likely result in
them falling below the detection limit. Only SM from
high-quality embryos (grade AA, AB, BA, or BB), graded
as defined by Gardner et al., were used [26, 27]. Samples
were pooled based on whether they were categorized as
pregnant or non-pregnant as described in the aforemen-
tioned section on sample collection. SM were also indi-
vidually analyzed with a custom human high-sensitivity
ProcartaPlex 13-Plex (ThermoFisher Scientific). Day 7
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moDC culture supernatants were analyzed via a com-
mercially available Human Immune Monitoring 65-Plex
ProcartaPlex (EPX650-16500-901, ThermoFisher Scien-
tific). All assays were performed according to the manu-
facturer’s protocols.

Flow cytometry

Flow cytometry (FC) analysis was performed in a
DxFLEX flow cytometer (Beckman Coulter), while the
collected data were analyzed with Flow]Jo software (BD
Biosciences). Dead cells were excluded either with the
fixable viability dye eFluor 780 (65-0865-14, eBiosci-
ence) or with the nucleic acid dye 7-Amino-Actinomy-
cin D (7AAD, 559925, BD Biosciences). After a short
incubation with the FcR blocking reagent (130-059-901,
Miltenyi), cells were stained for 15 min with fluorophore-
labeled antibody master mixes (See Supplementary Table
1, Additional File 1).

Measurement of tryptophan, kynurenine and neopterin
Tryptophan (Trp) and its catabolite kynurenine (Kyn)
were determined by HPLC as previously described [28].
Briefly, chromatographic separation was performed on
an Agilent 1260 HPLC system with a LiChroCART 55—-4
C18 column (3 um particle size, Merck) connected to
a C-18 security guard precolumn (4 mm x 3 mm, Phe-
nomenex), using 15 mM potassium dihydrogen phos-
phate buffer as mobile phase, isocratic elution at a flow
rate of 1.1 ml/min at 25 °C. Internal and calibration stan-
dards (Sigma Aldrich) were dissolved in aqueous albumin
solution (70 g/l, AL-Labortechnik, Zeillern-Amstetten).
50 pl of the internal standard solution (3-nitro-1-tyrosine,
25 uM) was added to 50 pl of the samples or calibration
standards. Proteins were precipitated with 12.5 pl tri-
chloroacetic acid 2 M and precipitates were removed by
centrifugation. Kyn and the internal standard 3-nitro-
l-tyrosine were determined at a wavelength of 360 nm
using a 1260 Infinity IT DAD detector (G7115A, Agilent).
Trp was determined via their native fluorescence using a
1260 Infinity II fluorescence detector (G7121B, Agilent)
(Trp: excitation wavelength of 286 nm, emission wave-
length of 366 nm). The ratio of Kyn/Trp was calculated as
surrogate for IDO-1 activity [29]. Neopterin concentra-
tions were measured by ELISA (BRAHMS Diagnostica)
[30].

Statistical analysis

For the comparison of the characteristics of patients
and samples, all data were analyzed in IBM SPSS Statis-
tics software. Normality was assessed by Kolmogorow-
Smirnow normality test and Shapiro-Wilk normality test.
Normally distributed data were analyzed using one-way
ordinary ANOVA. Non-normally distributed data were
analyzed using Kruskal-Wallis test. Qualitative outcome
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variables were analyzed using chi-square test or Fisher’s
exact test, as appropriate. Quantitative outcome vari-
ables were presented as a mean+SEM (standard error of
mean), and qualitative outcome variables were presented
as absolute number and percentage of occurrence within
the group. In all cases, statistical significance was deter-
mined by a P value of less than 0.05.

Flow cytometry data were analyzed in FlowJo soft-
ware (v10.8 for Windows, BD Biosciences), and the pro-
liferation modelling tool was used for proliferation data.
Multiplex data were analyzed with the Invitrogen Pro-
cartaPlex Analysis App (ThermoFisher Scientific). A
baseline corresponding to the culture medium used was
removed from all protein array data. All experimental
data were finally analyzed in GraphPad Prism (v10 for
Windows, GraphPad Software). Normality was assessed
by D’Agostino-Pearson omnibus normality test and
Shapiro-Wilk normality test. Normally distributed data
were analyzed using unpaired t-test or one-way ordinary
ANOVA, as appropriate. Non-normally distributed data
were analyzed using Mann-Whitney test or Kruskal-Wal-
lis test, as appropriate. In all cases, statistical significance
was determined by a P value of less than 0.05.

Results

Study population parameters

A total of 150 participants were included. The mean age
was 32.07+0.36 years (SD). The primary indication for
ART was female infertility in 37.3% of cases. 25.3% were
diagnosed with endometriosis and 14.7% with recurrent
implantation failure (RIF). RIF was defined as >3 fresh
or frozen blastocyst transfers with a subsequent nega-
tive serum hCG result. No statistically significant differ-
ences were found concerning age, BMI, ART diagnosis,
allergies, nicotine, alcohol consumption, endometriosis,
and sperm quality. No statistically significant differences
were found in the hormonal profile with the exception of
AMH (p=0.042) and 17-f estradiol (p=0.024). A statis-
tically significant difference was found concerning RIF
patients (p<0.001). A total of 223 samples (n=103 prSM,
n=120 npSM) were analyzed. No statistical significance
was found concerning the method of fertilization (ICSI or
IVF) and the type of embryo transfer (fresh or cryopre-
served) between the prSM and npSM samples. Detailed
information on patient and sample characteristics can be
found in Table 1.

Preimplantation embryos secrete a variety of cytokines
and growth factors

Preimplantation embryos are known to secrete a wide
range of substances that are important for their develop-
ment and their interaction with the maternal environ-
ment [31, 32]. To investigate potential differences in the
secretion profiles between embryos that implanted and
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Patient Characteristics Patients with prSM samples  Patients with prSM and npSM samples  Patients with npSM samples P value
(n=70) (n=28) (n=52)
Age (y)? 31.6£05 321408 326+06 0455
BMI (kg/m?) ® 0.825
below 19 3(4.3%) 4(14.3%) 3(5.8%)
19-25 42 (60.0%) 15 (53.6%) 34 (65.4%)
26-30 11 (15.7%) 6 (21.4%) 9(17.3%)
31-35 4(5.7%) 1(3.6%) 2 (3.8%)
more than 35 4 (5.7%) 0 (0.0%) 1 (1.9%)
Diagnosis for ART? 0.939
Female 5(35.7%) 11 (39.3%) 20 (38.5%)
Male 8 (25.7%) 7 (25.0%) 10 (19.2%)
Combined 17 (24.3%) 7 (25.0%) 12 (23.1%)
Idiopathic 5(7.1%) 1 (3.6%) 7 (13.5%)
Allergiesb 24 (34.3%) 9 (32.1%) 16 (30.8%) 0.707
Nicotine (cigarettes/day) ® 0510
0 35 (50.0%) 15 (53.6%) 30 (57.7%)
below 5 10 (14.3%) 0 (0.0%) 6 (11.5%)
5-10 8(11.4%) 6 (21.4%) 5(9.6%)
10-20 7 (10.0%) 5(17.9%) 5 (9.6%)
above 20 2(2.9%) 0(0.0%) 1(1.9%)
Alcohol® 0.065
no 31 (44.3%) 6 (21.4%) 27 (51.9%)
normal consumption 16 (22.9%) 10 (35.7%) 14 (26.9%)
above normal 0 (0.0%) 0 (0.0%) 0 (0.0%)
Hormonal Profile?
AMH (ug/l) 48+0.7 27+06 40+0.8 0.042
FSH (U/1) 72+05 72105 81+£10 0.855
LH (U/1) 27+04 21+04 32406 0.701
17-B estradiol (ng/1) 1754+£157.6 2169+197.3 1550+£193.7 0.024
Progesterone (ug/l) 15+03 09+0.1 13403 0.788
Endometriosis® 16 (22.9%) 8 (28.6%) 14 (26.9%) 0.798
RIF® 6 (8.6%) 7 (25.0%) 9(17.3%) <0.001
Sperm qualityb 0.865
Normozoospermia 29 (41.4%) 12 (42.9%) 23 (44.2%)
Oligozoospermia 9 (12.9%) 5(17.9%) 3 (5.8%)
Asthenozoospermia 5(7.1%) 3(10.7%) 5(9.6%)
Teratozoospermia 4 (5.7%) 2(7.1%) 5(9.6%)
OAT 8(11.4%) 2(7.1%) 3(5.8%)
TESE 8(11.4%) 1(3.6%) 5(9.6%)
Sample Information prsm npSM
(n=103) (n=120)
Embryo transfer® 0467
Fresh 38 (36.9%) 50 (41.7%)
Frozen 65 (63.1%) 70 (58.3%)
Method® 0579
ICSI 87 (84.5%) 98 (81.7%)
IVF 16 (15.5%) 22 (18.3%)

Data presented as * mean+SEM, b

percentage of occurrence within the group prSM=pregnant, positive hCG 16 days post embryo transfer and detection of

fetal heartbeat via ultrasound around the 7th week of pregnancy; npSM=non-pregnant, negative hCG 16 days post embryo transfer; BMI=body mass index;
ART=assisted reproduction techniques; AMH=anti-muellerian hormone; FSH=follicle-stimulating hormone; LH=luteinizing Hormone; RIF =recurrent implantation
failure; OAT=oligoasthenoteratospermia; TESE=testicular sperm extraction; ICSI=intracytoplasmic sperm injection; IVF=in vitro fertilization
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embryos that did not implant, protein analysis was con-
ducted. Initially, pooled SM samples were analyzed using
a custom human Quantibody array by RayBiotech for
the detection of 40 targets. Of those, half of the targets
(20/40) exhibited increased levels in prSM, while only a
few (8/40) were found increased in npSM (Fig. 1A, See
Supplementary Table 2, Additional Filel). Eleven tar-
gets that were undetectable in all or the majority (>50%)
of the samples were excluded from further analysis. To
validate the findings obtained from pooled samples, a
high-sensitivity bead-based multiplex immunoassay was
performed on individual samples, confirming increased
secretion of IL-6 and IL-8 in npSM samples (Fig. 1B).
However, GM-CSF, IFNy, IL-1f, IL-2, IL-4, IL-5, IL-10,
IL-12p70, IL-17 A, MCP-1, and TNF-a were below the
detection limit in all or the majority of the samples. Based
on these results, we conclude that human preimplanta-
tion embryos secrete low levels of a variety of substances
in vitro. However, their detection is hindered due to the
sensitivity limitations of the existing multi-target assays.

MoDC phenotypical characterization
To assess the immunogenic properties of human embryo
SM on DC, moDC were stimulated with prSM or npSM
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for 48 h. The extracellular expression levels of co-stim-
ulatory and other surface receptors and molecules were
examined using flow cytometry. Stimulation of imma-
ture moDC with either prSM or npSM led to an elevated
expression of all tested surface markers except for the
expression of dendritic cell-specific intercellular adhe-
sion molecule-3-grabbing non-integrin (DC-SIGN) in
comparison to unstimulated moDC (iDC) (Fig. 2A).
Between the two different SM groups, stimulation
of immature moDC with npSM resulted in a signifi-
cant increase of the expression of all surface markers
tested, except for DC-SIGN where no significant change
was observed, as compared to stimulation of immature
moDC with prSM. Notably, the MHC class II cell sur-
face receptor, HLA-DR, exhibited a 59.4% (p=0.0034)
increase. The co-stimulatory molecules CD86 and CD80,
and the maturation marker CD83, increased by 64.8%
(p=0,0066), 33.62% (p=0,0284), and 75.5% (p=0.0046),
respectively. Programmed death-ligand 1 (PD-L1) was
found to be expressed on the surface of all moDC groups,
its expression was however further upregulated after
npSM stimulation by 87.1% (p=0.0314) compared to
prSM stimulation. DEC205 was also found expressed
in all moDC groups but like PD-L1 and HLA-DR, its

50
Eotaxin-3
ICAM-1 1000
40 RANTES
TGFB1 500
30 TIMP-1
TIMP-2

20 prSM npSM

10

npSM

Fig. 1 Secretion levels of cytokines in human blastocyst spent media (SM). (A) Custom human Quantibody protein array (RayBiotech); prSM: 15 SM
samples pooled in three groups of five samples each, npSM: 20 SM samples pooled in four groups of five samples each. Baseline of embryo culture
medium was removed from all samples, targets are shown grouped according to their quantity (pg/ml). (B) High sensitivity human ProcartaPlex protein
array (Thermo Fisher Scientific); prSM n=19, npSM n=19. Baseline of embryo culture medium was removed from all samples. prSM = pregnant, positive
hCG 16 days post embryo transfer and detection of fetal heartbeat via ultrasound around the 7th week of pregnancy; npSM =non-pregnant, negative

hCG 16 days post embryo transfer
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Fig. 2 Effect of human blastocyst spent media (SM) on monocyte-derived dendritic cells (moDC). (A) Phenotypic characterization of moDC after stimula-
tion with human embryo SM, graphs show the mean + SEM (as frequency of single, live cells) and are accompanied by a representative histogram overlay
of the relevant extracellular molecule, prSM+moDC n=50, npSM+moDC n=64, iDC n=13, mDC n=13; (B) Cytokine secretion of moDC after stimula-
tion with human embryo SM, graphs show the mean concentration (pg/ml)+SEM in targets with a significant difference between prSM+moDC and
npSM+moDC, baseline of embryo culture medium was removed from all samples, prSM+moDC n=11, npSM+moDC n=17,iDC n=6, mDC n=4; (C)
Detectable targets in all or most moDC samples stimulated with SM, scale represents concentration in pg/ml, baseline of embryo culture medium was
removed from all samples, prSM+moDCn=11, npSM+moDC n=17; (D) IDO-1 activity as reflected by Kyn/Trp ratio, prSM+ moDC n =30, npSM +moDC
n=33,iDC n=6, mDC n=6; (E) Neopterin concentration, prSM+ moDC n=30, npSM+moDC n=33,iDC n=6, mDC n=6; prSM = pregnant, positive hCG
16 days post embryo transfer and detection of fetal heartbeat via ultrasound around the 7th week of pregnancy; npSM = non-pregnant, negative hCG 16
days post embryo transfer; iDC=immature monocyte derived dendritic cells; mDC=mature monocyte derived dendritic cells. Statistical significance was

determined using student t-test or Mann-Whitney test *p < 0.05; **p <0.01; ***p <0.001; ****p < 0.0001

expression was further upregulated after npSM stimula-
tion by a 92.6% increase (p=0.0069) compared to prSM
(Fig. 2A). No significant differences were observed in the
effect of SM on the moDCs in relation to RIF or endo-
metriosis indicating that the immunogenic properties
of prSM and npSM on dendritic cells were consistent,
regardless of whether the embryos came from patients
with RIF or endometriosis (See Supplementary Fig. 1A,
Additional File 1).

MoDC protein secretion and IDO-1 activity

To investigate the impact of human embryo SM on DC,
we conducted a multiplex immunoassay for the simulta-
neous analysis of 65 targets. Intriguingly, distinct differ-
ences were observed in the secretory profiles of moDC
stimulated with either npSM or prSM. Generally, moDC
stimulation with prSM elicited a more dynamic secretory
profile as compared with npSM stimulation. A signifi-
cant increase was detected after stimulation with prSM
in the secretion of granulocyte colony-stimulating factor
(G-CSF), IL-2, IL-5, IL-10, IL-23, macrophage colony-
stimulating factor (M-CSF), stem cell factor (SCF), and
tumor necrosis factor beta (TNEp) (Fig. 2B, See Supple-
mentary Table 3, Additional File 1). Moreover, a non-
statistically significant but noticeable increase (>20%)
was observed in the secretion of eotaxin-1, fibroblast
growth factor 2 (FGF-2), growth-regulated alpha pro-
tein (GROw), hepatocyte growth factor (HGF), inter-
feron alpha (IFNa), IL-1a, IL-1f, IL-6, IL-9, IL-12p70,
IL-15, IL-27, interferon gamma-induced protein 10 (IP-
10), LIE, monocyte chemoattractant protein-2 (MCP-2),
macrophage inflammatory protein 3-alpha (MIP-3a),
tumor necrosis factor alpha (TNFa), and thymic stro-
mal lymphopoietin (TSLP). Minor or negligible dif-
ferences (<20%) were detected in the secretion levels
of 21/65 analyzed targets (Fig. 2C, See Supplementary
Table 3, Additional File 1). 15 targets that were undetect-
able in most samples (>90%) were excluded from fur-
ther analysis. IL-4 and GM-CSF were excluded from the
analysis since their addition to the culture media for the
differentiation of monocytes could influence the results
in an unpredictable manner. Detailed concentrations are
provided in Supplementary Table 3, Additional File 1.

To investigate IDO-1 activity for a potential differentia-
tion of DC under the influence of SM into a tolerogenic
DC we analyzed Kyn/Trp ratio. Metabolite concentra-
tions revealed that treatment with either prSM or npSM
inhibited tryptophan breakdown to kynurenine in moDC
compared to iDC and mDC, where a higher concentra-
tion of kynurenine and a higher Kyn/Trp was observed
implicating a downregulation of IDO-1 activity in SM
treated moDC (Fig. 2D). Concentrations of neopterin, a
marker for oxidative stress and inflammation did not dif-
fer (Fig. 2E).

SM-moDC activate T cells

To evaluate the impact of SM-stimulated moDC on the
activation and differentiation of T cells, CD4+naive T
cells were co-cultured with moDC that were previously
stimulated with prSM or npSM. The extracellular expres-
sion levels of specific activation cell surface markers and
the proliferation of T cells were examined using flow
cytometry. All moDC groups were able to induce the
expression of CD25 and CD183 in T cells. CD25is a T
cell activation marker [33], while CD183 is a chemokine
receptor that is upregulated on naive T cells rapidly after
their activation [34]. Moreover, these CD25+CD183+T
cells had an elevated expression of CD62L (associated
with the homing and trafficking of T cells), they were
positive for CD196 (a chemokine receptor associated
with Th17 cells), and negative/low for CD127 (a cell sur-
face receptor expressed on T cells and other immune
cells) when compared with the CD25-CD183- population
(Fig. 3A). However, there was no significant difference
in the percentage of the CD25+CD183+cells between
the different treatments (Fig. 3B). Conversely naive
CD45RA+CD45RO- T cells were found significantly
decreased after co-culture with npSM-moDC as com-
pared to prSM-moDC (Fig. 3C). Additionally, T cells only
exhibited proliferation in the co-culture when a CD3/
CD28 cocktail was added but no significant differences
were observed within the groups (Fig. 3D).
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Fig. 3 Effect of monocyte-derived dendritic cells (moDC) treated with human blastocyst spent media (SM) on naive CD4+T cells. (A) Representative
density plot graph of T cell differentiation into CD25+CD183 +and CD25-CD183- cells after culture with moDC and the expression of CD62L, CD196, and
CD127 within these subpopulations (CD25+CD183 +green; CD25-CD183- purple) as seen in histogram overlays; (B) Percentage of CD25+CD183+T
cells after co-culture with moDC cells, prSM+moDC n=15, npSM+moDC n=16, iDC n=3, mDC n=3, T n=3, activated T n=3; (C) Percentage of
CD45RA +CD45RO-T cells after co-culture with moDC cells, prSM+moDC n=23, npSM+moDC n=24,iDCn=5, mDCn=5,Tn=6; (D) T cell proliferation
after CFSE labelling, prSM+moDC n=15, npSM+moDC n=16,iDC n=3, mDC n=3,T n=5. prSM = pregnant, positive hCG 16 days post embryo transfer
and detection of fetal heartbeat via ultrasound around the 7th week of pregnancy; npSM =non-pregnant, negative hCG 16 days post embryo transfer;
iDC=immature monocyte derived dendritic cells; mDC=mature monocyte derived dendritic cells. Statistical significance was determined using student

t-test or Mann-Whitney test *p < 0.05; **p < 0.01; ***p <0.001; ****» < 0.0001

Discussion

In this study, we aimed to investigate the crosstalk
between maternal immune cells and the developing
embryo by examining the immunogenic properties of
human blastocyst spent media (SM) on dendritic cells
(DC). We presented evidence by several independent
experimental designs: (i) cytokine production by the
embryo itself, (ii) flow cytometry analyses for pheno-
typical changes of SM-treated monocyte-derived DC
(moDC), (iii) cytokine production of SM-treated moDC,
(iv) measurement of IDO-activity of SM-treated moDC,
and (v) co-culture of SM-treated moDC with naive T
cells for the detection of functional changes.

Embryo SM research aims to comprehend embryo
development intricacies and to pioneer non-inva-
sive methods for embryo selection [35, 36]. Our find-
ings demonstrate that embryos secrete in vitro a
plethora of cytokines and growth factors, suggesting
that embryos are able to actively interact and shape their

microenvironment even before implantation. Specifically,
28 out of the 40 targets were found to be differentially
expressed in pooled samples. Interestingly, 75% of the
molecules found upregulated in the implanted embryo
SM are part of the proinflammatory pathway while only
four are part of the anti-inflammatory. This aligns with
previous research showing that the first steps in human
implantation require a proinflammatory environment
[37-39]. IL-6 and IL-8 cytokines were detectable in
embryo SM. These cytokines were previously identified
in SM of blastocysts [40, 41] and have been proposed as
potential markers for blastocyst grading [42—46]. How-
ever, our findings do not support the efficacy of measur-
ing cytokines in SM for embryo grading. The limitation
stems from the frequently low concentrations of indi-
vidual cytokines in the culture, rendering their reliable
detection challenging.

Cytokines are potent signaling molecules that can exert
significant effects even at extremely low concentrations
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and low-grade inflammation is important for the main-
tenance of immune tolerance [47]. Studies have shown
that the attachment of merely 4 IL-6 molecules per cell
can produce statistically significant biological activity,
whereas the presence of only 16 IL-6 molecules is capable
of inducing substantial cellular responses [48]. Balancing
cytokine production is crucial since both increases and
decreases in their levels can lead to adverse outcomes
[49]. For example, both elevated and reduced IL-6 con-
centrations have been associated with an increased risk
of infertility and miscarriage [50].

Moreover, signaling molecules often exhibit pleiotro-
pic effects and function within intricate networks. The
impact of many cytokines can differ depending on their
concentration and the particular tissue context [51].
Although cytokines are not currently used as markers for
blastocyst grading, they may influence blastocyst implan-
tation and early embryo development, especially in the
context of the endometrial microenvironment.

Next, we found that exposure of moDC to SM led to
significant alterations in their phenotype. Notably, SM
from embryos that failed to implant induced an increase
in the expression of co-stimulatory molecules and acti-
vation markers on moDC. These findings suggest that
embryos that fail to implant may trigger a stronger
response compared to those that successfully implant
[1]. Studies have demonstrated that embryo rejection
can elicit a more potent inflammatory immune response
compared to successful implantation [52]. Moreover,
excessive inflammation has been found to hinder embryo
implantation, as seen in endometriosis and recurrent
miscarriage patients [1, 53-55].

Furthermore, we observed that prSM-induced
moDC secreted various cytokines and growth factors
like G-CSF, IL-2, IL-5, and IL-10. This cytokine profile
could potentially influence the immune response at the
embryo-maternal interface [15]. G-CSF can enhance
endometrial receptivity by promoting endometrial vas-
cular remodeling and regulating the expression of genes
associated with embryo adhesion [56]. IL-2 is part of the
Th1 pro-inflammatory response that is necessary for the
initial stages of implantation [57]. To allow for proper
implantation while preventing excessive inflammation,
a delicate balance of pro- and anti-inflammatory cyto-
kines is maintained [47]. Both IL-5 and IL-10 are part of
the Th2 anti-inflammatory response and can contribute
to the establishment of an immunotolerant environment
at the maternal-fetal interface [57, 58]. Interestingly, SM-
treated moDC were still capable of stimulating naive T
cells, indicating that they retained their ability to activate
the adaptive immune response.

IDO-1 activity as reflected by Kyn/Trp ratio was sig-
nificantly downregulated in moDC after contact with
SM indicating an inhibition of this specific DC function.
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IDO-1 inhibition may be important in the peri-implan-
tation phase in a proinflammatory surrounding. It was
shown that in DC, the expression of IDO-1 and the acti-
vation of the enzyme can be regulated independently
of each other by different stimuli [59], which may not
be sufficiently present in SM. Neopterin concentration
did not differ between the groups. Therefore, it seems
that induction of IDO-1 for tolerance may take place in
another context and probably at a later time point. How-
ever further studies are needed.

Regarding the limitations of our study, there are a few
important points to consider. Firstly, due to the current
sensitivity restrictions of multi-targeted protein arrays,
some of the SM protein array findings were obtained
through pooling of SM samples. Even with a high-sensi-
tivity protein array, many targets were below the detec-
tion limit. This was partially anticipated given the low
volume and concentration of the embryo SM. In vivo,
such low levels of secretion may be sufficient to affect
the immediate environment of the embryo in the endo-
metrial milieu. As technology advances, more sensitive
arrays are expected. Secondly, the study included par-
ticipants with varying infertility etiologies. While no
statistically significant differences were observed in rela-
tion to most of the patient characteristics (the exception
was AMH and 17-p estradiol levels, and RIF), we cannot
determine whether SM from different infertility etiolo-
gies have distinct effects on DC within the scope of this
study. A subgroup analysis of RIF and endometriosis
patients revealed no significant differences regarding the
effect of SM on the phenotype of moDC. However, due
to the small number of RIF and endometriosis patients,
a separate comparison in all the experimental settings
was not possible. A future study focused on RIF patients
could provide valuable insights. Thirdly, due to the scar-
city of endometrial DC, we resorted to using moDC
isolated from the peripheral blood of healthy women, a
commonly substituted alternative. Although this was an
unavoidable limitation, we cannot determine whether
endometrial DC, which have been shown to have unique
characteristics [60], would react the same way as moDC
when treated with SM. Furthermore, the blastocysts that
were included in the study were not subjected to genetic
screening prior to implantation. This was in accordance
with national regulations, however, ensuring that all
the embryos included in the study were euploid could
have resulted in a more homogeneous study population.
Lastly, our experimental setup represents an artificial in
vitro environment due to the unavailability of alternative
options. Despite these constraints, our study offers valu-
able insights into maternal immune tolerance and pres-
ents new avenues for further research.
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Conclusion

In conclusion, our study reveals that human preim-
plantation embryos secrete a wide range of immuno-
modulatory molecules that significantly affected the
phenotype and function of monocyte derived dendritic
cells. Understanding the immunomodulatory properties
of preimplantation embryos and their effects on mater-
nal immune cells may prevent pregnancy complications
associated with immune dysregulation and enhance
implantation success rates.

Abbreviations

AMH Anti-Mullerian Hormone

APC Antigen Presenting Cells

APLS Antiphospholipid Syndrome

ART Assisted Reproductive Technology

CFSE Carboxyfluorescein Succinimidyl Ester
CSCM-NX Continuous Single Culture-NX

DC Dendritic Cells

FBS Fetal Bovine Serum

FC Flow Cytometry

FGF-2 Fibroblast Growth Factor 2

G-CSF Granulocyte Colony-Stimulating Factor
GM-CSF Granulocyte-Macrophage Colony-Stimulating Factor
GROa Growth-Regulated Alpha Protein

Hcg Human Chorionic Gonadotropin

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HGF Hepatocyte Growth Factor

HLA-DR Human Leucocyte Antigen DR

ICSI Intracytoplasmic Sperm Injection

IDO-1 Indoleamine 2,3-dioxygenase 1

IFNa Interferon Alpha

IL1p Interleukin 13

IP-10 Interferon gamma-induced Protein 10

IVF In Vitro Fertilization

Kyn Kynurenine

LIF Leukemia Inhibitory Factor

LRSC Leucocyte Reduction System Chambers
MCP-2 Monocyte Chemoattractant Protein-2
M-CSF Macrophage Colony-Stimulating Factor
MIP-3a Macrophage Inflammatory Protein 3-alpha
moDC Monocyte Derived Dendritic Cells

NK Natural Killer

npSM Non-pregnant Spent Media

PBMC Peripheral Blood Mononuclear Cells
PD-1 Programmed Death-1

PGE2 Prostaglandin E2

prsm Pregnant Spent Media

RIF Recurrent Implantation Failure
RPMI Roswell Park Memorial Institute Medium
SCF Stem Cell Factor

SEM Standard Error of Mean

sFIt1 soluble Fms-like tyrosine kinase-1
SM Spent Media

SSS Serum Substitute Supplement
TGF-B1 Transforming Growth Factor 1
Tim-3 T-cell immunoglobulin mucin-3
TNFa Tumor Necrosis Factora

TNFB Tumor Necrosis Factor Beta

Trp Tryptophan

TSLP Thymic Stromal Lymphopoietin

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/512958-024-01319-2.

(2024) 22:150

Page 11 of 13

[ Supplementary Material 1 ]

Acknowledgements

The authors would like to thank all the couples who participated in this study.
Further, we want to thank all physicians and nurses in our clinic who made this
project possible. We would also like to acknowledge the support of Prof Dr.

L. Wildt for help in initialization the study. Finally, we gratefully acknowledge
Prof. Dr. Ulimer of the Department of Medical Statistics and Health Informatics
for valuable support in statistical analyses.

Author contributions

All authors have contributed significantly to the work. Conceptualization:
CK, BT, SHT; Methodology: CK, CH, SHT; Formal analysis: CK, SH, MVG, SHT;
Investigation: CK, JMG, SHT; Resources: SH, MVG, JG, WB, BW, CH, BT, SHT;
Writing — Original Draft: CK, SHT; Writing — Review & Editing: CK, BT, SHT;
Supervision: SHT; Funding acquisition: SHT. All authors approved the final
version of the manuscript.

Funding
This work was funded by the Austrian Science Fund (FWF: P 33249-B).

Data availability
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The study was conducted according to the guidelines of the Declaration of
Helsinki and approved by the ethics committee of the Medical University of
Innsbruck, Austria (EK Nr AN2014-0312 343/4.6) and the ethics committee of
“Land Vorarlberg" (EK-2-9/2020). Signed informed consent was obtained from
all subjects involved in the study.

Consent for publication
Not applicable.

Animal research
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 19 July 2024 / Accepted: 7 November 2024
Published online: 23 November 2024

References

1. Mor G, Cardenas |, Abrahams V, Guller S. Inflammation and pregnancy: the
role of the immune system at the implantation site. Ann N York Acad Sci
[Internet]. 2011;1221(1):80-7. https.//www.ncbi.nlm.nih.gov/pubmed/21401
634

2. MaWG, Song H, Das SK, Paria BC, Dey SK. Estrogen is a critical determinant
that specifies the duration of the window of uterine receptivity for implanta-
tion. Proc Natl Acad Sci [Internet]. 2003;100(5):2963-8. https:.//www.ncbi.nim.
nih.gov/pubmed/12601161

3. Huang CC, Hsueh YW, Chang CW, Hsu HC, Yang TC, Lin WC et al. Estab-
lishment of the fetal-maternal interface: developmental events in
human implantation and placentation. Front Cell Dev Biol [Internet].
2023;11:1200330. https://www.ncbi.nlm.nih.gov/pubmed/37266451

4. Taylor A. ABC of subfertility: extent of the problem. BMJ [Internet].
2003;327(7412):434-6. https://www.ncbi.nlm.nih.gov/pubmed/12933733

5. Bashiri A, Halper K, Orvieto R. Recurrent Implantation Failure-update
overview on etiology, diagnosis, treatment and future directions. Reprod Biol
Endocrinol [Internet]. 2018;16(1):121. https://www.ncbi.nlm.nih.gov/pubmed
/30518389

6. Makrigiannakis A, Petsas G, Toth B, Relakis K, Jeschke U. Recent advances
in understanding immunology of reproductive failure. J Reprod


https://doi.org/10.1186/s12958-024-01319-2
https://doi.org/10.1186/s12958-024-01319-2
https://www.ncbi.nlm.nih.gov/pubmed/21401634
https://www.ncbi.nlm.nih.gov/pubmed/21401634
https://www.ncbi.nlm.nih.gov/pubmed/12601161
https://www.ncbi.nlm.nih.gov/pubmed/12601161
https://www.ncbi.nlm.nih.gov/pubmed/37266451
https://www.ncbi.nlm.nih.gov/pubmed/12933733
https://www.ncbi.nlm.nih.gov/pubmed/30518389
https://www.ncbi.nlm.nih.gov/pubmed/30518389

Kyvelidou et al. Reproductive Biology and Endocrinology

20.

22.

23.

24.

25.

Immunol [Internet]. 2011;90(1):96-104. https://www.ncbi.nim.nih.gov/
pubmed/21683452

Reig A, Franasiak J, JrST, Seli R. E. The impact of age beyond ploidy: outcome
data from 8175 euploid single embryo transfers. J Assist Reprod Genet [Inter-
net]. 2020;37(3):595-602. https.//www.ncbi.nlm.nih.gov/pubmed/32173784
Irani M, Zaninovic N, Rosenwaks Z, Xu K. Does maternal age at retrieval influ-
ence the implantation potential of euploid blastocysts? Am J Obstet Gynecol
[Internet]. 2019;220(4):379 e1-379 e7. https://www.ncbi.nlm.nih.gov/pubmed
/30521800

Awadalla MS, Vestal NL, McGinnis LK, Ahmady A, Paulson RJ. Effect of age and
morphology on sustained implantation rate after euploid blastocyst transfer.
Reprod Biomed Online [Internet]. 2021;43(3):395-403. https://www.ncbi.nlm.
nih.gov/pubmed/34332901

Jasper MJ, Care AS, Sullivan B, Ingman WV, Aplin JD, Robertson SA.
Macrophage-derived LIF and IL1B regulate alpha(1,2)fucosyltransferase 2
(Fut2) expression in mouse uterine epithelial cells during early pregnancy.
Biol Reprod [Internet]. 2011;84(1):179-88. https://www.ncbi.nlm.nih.gov/pub
med/20864644

Kreines FM, Nasioudis D, Minis E, Irani M, Witkin SS, Spandorfer S. IL-1beta
predicts IVF outcome: a prospective study. J Assist Reprod Genet [Internet].
2018;35(11):2031-5. https://www.ncbi.nlm.nih.gov/pubmed/30225820
Plaks V, Birnberg T, Berkutzki T, Sela S, BenYashar A, Kalchenko V et al. Uterine
DCs are crucial for decidua formation during embryo implantation in mice. J
Clin Investig [Internet]. 2008;118(12):3954-65. https://www.ncbi.nlm.nih.gov/
pubmed/19033665

King A. Uterine leukocytes and decidualization. Hum Reprod Updat [Inter-
net]. 2000,6(1):28-36. https.//www.ncbi.nlm.nih.gov/pubmed/10711827
Harper MJ. The implantation window. Bailliere’s Clin Obstet Gynaecol [Inter-
net]. 1992,6(2):351-71. https://www.ncbi.nlm.nih.gov/pubmed/1424330
Sieg W, Kiewisz J, Podolak A, Jakiel G, Woclawek-Potocka |, Lukaszuk J et al.
Inflammation-Related Molecules at the Maternal-Fetal Interface during Preg-
nancy and in Pathologically Altered Endometrium. Curr Issues Mol Biol [Inter-
net]. 2022;44(9):3792-808. https://www.ncbi.nlm.nih.gov/pubmed/36135172
Pantos K, Grigoriadis S, Maziotis E, Pistola K, Xystra P, Pantou A et al. The Role
of Interleukins in Recurrent Implantation Failure: A Comprehensive Review of
the Literature. Int J Mol Sci [Internet]. 2022;23(4):2198. https://www.ncbi.nlm.
nih.gov/pubmed/35216313

Robertson SA, Care AS, Moldenhauer LM. Regulatory T cells in embryo
implantation and the immune response to pregnancy. J Clin Investig [Inter-
net]. 2018;128(10):4224-35. https.//www.ncbi.nlm.nih.gov/pubmed/3027258
1

Mellor AL, Lemos H, Huang L, Indoleamine. 2,3-Dioxygenase and Tolerance:
Where Are We Now? Front Immunol [Internet]. 2017;8:1360. https://www.fron
tiersin.org/articles/https://doi.org/10.3389/fimmu.2017.01360
Cohen-Fredarow A, Tadmor A, Raz T, Meterani N, Addadi Y, Nevo N et al.
Ovarian dendritic cells act as a double-edged pro-ovulatory and anti-inflam-
matory sword. Mol Endocrinol [Internet]. 2014;28(7):1039-54. https://www.nc
bi.nlm.nih.gov/pubmed/24825398

Schwede S, Alfer J, von Rango U. Differences in regulatory T-cell and dendritic
cell pattern in decidual tissue of placenta accreta/increta cases. Placenta
[Internet]. 2014;35(6):378-85. https.//www.ncbi.nlm.nih.gov/pubmed/24725
555

Bulmer JN, Williams PJ, Lash GE. Immune cells in the placental bed. Int J Dev
Biol [Internet]. 2010;54(2-3):281-94. https.//www.ncbi.nIm.nih.gov/pubmed/
19876837

Dietl J, Honig A, Kammerer U, Rieger L. Natural killer cells and dendritic cells
at the human feto-maternal interface: an effective cooperation? Placenta
[Internet]. 2006;27(4-5):341-7. https://www.ncbi.nlm.nih.gov/pubmed/1602
3204

Kammerer U, Eggert AO, Kapp M, McLellan AD, Geijtenbeek TB, Dietl J et al.
Unique appearance of proliferating antigen-presenting cells expressing DC-
SIGN (CD209) in the decidua of early human pregnancy. Am J Pathol [Inter-
net]. 2003;162(3):887-96. https.//www.ncbi.nlm.nih.gov/pubmed/12598322
Rieger L, Honig A, Sutterlin M, Kapp M, Dietl J, Ruck P et al. Antigen-present-
ing cells in human endometrium during the menstrual cycle compared to
early pregnancy. J Soc Gynecol Investig: JSGI [Internet]. 2004;11(7):488-93.
https://www.ncbinlm.nih.gov/pubmed/15458747

Mansouri-Attia N, Oliveira LJ, Forde N, Fahey AG, Browne JA, Roche JF et al.
Pivotal role for monocytes/macrophages and dendritic cells in maternal
immune response to the developing embryo in cattle. Biol Reprod [Internet].
2012;87(5):123. https.//www.ncbi.nlm.nih.gov/pubmed/23034158

(2024) 22:150

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 12 of 13

Schoolcraft WBGDK. In vitro culture of human blastocysts. In AUSTRALIA,
SYDNEY: Parthenon Publishing Group Ltd; 1999. pp. 378-88.

Schoolcraft WB, Gardner DK, Lane M, Schlenker T, Hamilton F, Meldrum DR.
Blastocyst culture and transfer: analysis of results and parameters affect-

ing outcome in two in vitro fertilization programs. Fertil Steril [Internet].
1999;72(4):604-9. https://www.ncbi.nlm.nih.gov/pubmed/10521095

Gietl M, Burkert F, Seiwald S, Bohm A, Hofer S, Gostner JM et al. Interferon-
gamma Mediated Metabolic Pathways in Hospitalized Patients During

Acute and Reconvalescent COVID-19. Int J Tryptophan Res [Internet].
2023;16:11786469231154244. https://www.ncbi.nlm.nih.gov/pubmed/37038
445

Fuchs D, Moller AA, Reibnegger G, Werner ER, Werner-Felmayer G, Dierich MP
et al. Increased endogenous interferon-gamma and neopterin correlate with
increased degradation of tryptophan in human immunodeficiency virus type
T infection. Immunol Lett [Internet]. 1991,28(3):207-11. https://www.ncbi.nl
m.nih.gov/pubmed/1909303

Geisler S, Mayersbach P, Becker K, Schennach H, Fuchs D, Gostner JM. Serum
tryptophan, kynurenine, phenylalanine, tyrosine and neopterin concentra-
tions in 100 healthy blood donors. Pteridines [Internet]. 2015,26(1):31-6.
https://doi.org/10.1515/pterid-2014-0015

Ramu S, Acacio B, Adamowicz M, Parrett S, Jeyendran RS. Human chorionic
gonadotropin from day 2 spent embryo culture media and its relationship to
embryo development. Fertil Steril [Internet]. 2011;96(3):615-7. https://www.n
cbi.nlm.nih.gov/pubmed/21742325

Freis A, Roesner S, Marshall A, Rehnitz J, von Horn K, Capp E et al. Non-
invasive Embryo Assessment: Altered Individual Protein Profile in Spent
Culture Media from Embryos Transferred at Day 5. Reprod Sci [Internet].
2021;28(7):1866-73. https://www.ncbi.nlm.nih.gov/pubmed/33151525
McHugh RS, Shevach EM. Cutting edge: depletion of CD4 + CD25 +regula-
tory T cells is necessary, but not sufficient, for induction of organ-specific
autoimmune disease. J Immunol [Internet]. 2002;168(12):5979-83. https.//w
ww.ncbi.nlm.nih.gov/pubmed/12055202

Groom JR, Luster AD. CXCR3in T cell function. Exp Cell Res [Internet].
2011;317(5):620-31. https//www.ncbi.nlm.nih.gov/pubmed/21376175
Rodgaard T, Heegaard PM, Callesen H. Non-invasive assessment of in-vitro
embryo quality to improve transfer success. Reprod Biomed Online [Internet].
2015;31(5):585-92. https.//www.ncbi.nlm.nih.gov/pubmed/26380864
Belandres D, Shamonki M, Arrach N. Current status of spent embryo media
research for preimplantation genetic testing. J Assist Reprod Genet [Internet].
2019;36(5):819-26. https://www.ncbi.nlm.nih.gov/pubmed/30895497
Zhao, Zhang T, Guo X, Wong CK, Chen X, Chan YL et al. Successful implanta-
tion is associated with a transient increase in serum pro-inflammatory cyto-
kine profile followed by a switch to anti-inflammatory cytokine profile prior
to confirmation of pregnancy. Fertil Steril [Internet]. 2021;115(4):1044-53.
https://www.ncbi.nlm.nih.gov/pubmed/33272613

Turner MD, Nedjai B, Hurst T, Pennington DJ. Cytokines and chemokines: At
the crossroads of cell signalling and inflammatory disease. Biochim Biophys
Acta (BBA) - Mol Cell Res [Internet]. 2014;1843(11):2563-82. https://www.ncbi
nim.nih.gov/pubmed/24892271

SainiV, Arora S, Yadav A, Bhattacharjee J. Cytokines in recurrent pregnancy
loss. Clin Chim Acta [Internet]. 2011;412(9-10):702-8. https://www.ncbi.nlm.n
ih.gov/pubmed/21236247

Huang G, Zhou C, Wei CJ, Zhao S, Sun F, Zhou H et al. Evaluation of in vitro
fertilization outcomes using interleukin-8 in culture medium of human
preimplantation embryos. Fertil Steril [Internet]. 2017;107(3):649-56. https://
www.ncbi.nlm.nih.gov/pubmed/28069183

Dominguez F, Meseguer M, Aparicio-Ruiz B, Piqueras P, Quinonero A,

Simon C. New strategy for diagnosing embryo implantation potential by
combining proteomics and time-lapse technologies. Fertil Steril [Internet].
2015;104(4):908-14. https://www.ncbi.nim.nih.gov/pubmed/26196234

Lee |, Ahn SH, Kim HI, Baek HW, Park YJ, Kim H et al. Cytokines in culture media
of preimplantation embryos during in vitro fertilization: Impact on embryo
quality. Cytokine [Internet]. 2021;148:155714. https://www.ncbi.nlm.nih.gov/
pubmed/34600304

Lindgren KE, Yaldir FG, Hreinsson J, Holte J, Karehed K, Sundstrom-Poromaa |
et al. Differences in secretome in culture media when comparing blastocysts
and arrested embryos using multiplex proximity assay. Upsala J Méd Sci
[Internet]. 2018;123(3):143-52. https://www.ncbi.nIm.nih.gov/pubmed/3028
2508

Bori L, Dominguez F, Fernandez El, Gallego RD, Alegre L, Hickman C et al.

An artificial intelligence model based on the proteomic profile of euploid
embryos and blastocyst morphology: a preliminary study. Reprod Biomed


https://www.ncbi.nlm.nih.gov/pubmed/21683452
https://www.ncbi.nlm.nih.gov/pubmed/21683452
https://www.ncbi.nlm.nih.gov/pubmed/32173784
https://www.ncbi.nlm.nih.gov/pubmed/30521800
https://www.ncbi.nlm.nih.gov/pubmed/30521800
https://www.ncbi.nlm.nih.gov/pubmed/34332901
https://www.ncbi.nlm.nih.gov/pubmed/34332901
https://www.ncbi.nlm.nih.gov/pubmed/20864644
https://www.ncbi.nlm.nih.gov/pubmed/20864644
https://www.ncbi.nlm.nih.gov/pubmed/30225820
https://www.ncbi.nlm.nih.gov/pubmed/19033665
https://www.ncbi.nlm.nih.gov/pubmed/19033665
https://www.ncbi.nlm.nih.gov/pubmed/10711827
https://www.ncbi.nlm.nih.gov/pubmed/1424330
https://www.ncbi.nlm.nih.gov/pubmed/36135172
https://www.ncbi.nlm.nih.gov/pubmed/35216313
https://www.ncbi.nlm.nih.gov/pubmed/35216313
https://www.ncbi.nlm.nih.gov/pubmed/30272581
https://www.ncbi.nlm.nih.gov/pubmed/30272581
https://www.frontiersin.org/articles/
https://www.frontiersin.org/articles/
https://doi.org/10.3389/fimmu.2017.01360
https://www.ncbi.nlm.nih.gov/pubmed/24825398
https://www.ncbi.nlm.nih.gov/pubmed/24825398
https://www.ncbi.nlm.nih.gov/pubmed/24725555
https://www.ncbi.nlm.nih.gov/pubmed/24725555
https://www.ncbi.nlm.nih.gov/pubmed/19876837
https://www.ncbi.nlm.nih.gov/pubmed/19876837
https://www.ncbi.nlm.nih.gov/pubmed/16023204
https://www.ncbi.nlm.nih.gov/pubmed/16023204
https://www.ncbi.nlm.nih.gov/pubmed/12598322
https://www.ncbi.nlm.nih.gov/pubmed/15458747
https://www.ncbi.nlm.nih.gov/pubmed/23034158
https://www.ncbi.nlm.nih.gov/pubmed/10521095
https://www.ncbi.nlm.nih.gov/pubmed/37038445
https://www.ncbi.nlm.nih.gov/pubmed/37038445
https://www.ncbi.nlm.nih.gov/pubmed/1909303
https://www.ncbi.nlm.nih.gov/pubmed/1909303
https://doi.org/10.1515/pterid-2014-0015
https://www.ncbi.nlm.nih.gov/pubmed/21742325
https://www.ncbi.nlm.nih.gov/pubmed/21742325
https://www.ncbi.nlm.nih.gov/pubmed/33151525
https://www.ncbi.nlm.nih.gov/pubmed/12055202
https://www.ncbi.nlm.nih.gov/pubmed/12055202
https://www.ncbi.nlm.nih.gov/pubmed/21376175
https://www.ncbi.nlm.nih.gov/pubmed/26380864
https://www.ncbi.nlm.nih.gov/pubmed/30895497
https://www.ncbi.nlm.nih.gov/pubmed/33272613
https://www.ncbi.nlm.nih.gov/pubmed/24892271
https://www.ncbi.nlm.nih.gov/pubmed/24892271
https://www.ncbi.nlm.nih.gov/pubmed/21236247
https://www.ncbi.nlm.nih.gov/pubmed/21236247
https://www.ncbi.nlm.nih.gov/pubmed/28069183
https://www.ncbi.nlm.nih.gov/pubmed/28069183
https://www.ncbi.nlm.nih.gov/pubmed/26196234
https://www.ncbi.nlm.nih.gov/pubmed/34600304
https://www.ncbi.nlm.nih.gov/pubmed/34600304
https://www.ncbi.nlm.nih.gov/pubmed/30282508
https://www.ncbi.nlm.nih.gov/pubmed/30282508

Kyvelidou et al. Reproductive Biology and Endocrinology

45.

46.

47.

48.

49.

50.

52.

53.

Online [Internet]. 2021;42(2):340-50. https://www.ncbi.nlm.nih.gov/pubmed/
33279421

Rodriguez CA, Bori L, Valera MA, Conversa L, Delgado A, Meseguer M.

P-168  Does the concentration of Interleukin-6 (IL-6) in spent embryo cul-
ture medium tell us anything? Association with implantation potential after
euploid embryo transfer. Hum Reprod [Internet]. 2022,37(Supplement_1:
deac107.163. https://doi.org/10.1093/humrep/deac107.163

Zollner KPZU, Bischofs S, Lalic I. LIF and TNF alpha concentrations in embryo
culture media are predictive for embryo implantation in IVF. Asian Pac J
Reprod. 2012;1(4):277-82.

Rogovskii V. Immune Tolerance as the physiologic counterpart of chronic
inflammation. Front Immunol. 2020;11:2061.

Hansen MB. Interleukin-6 signaling requires only few IL-6 molecules: relation
to physiological concentrations of extracellular IL-6. Immun Inflamm Dis.
2020;8(2):170-80.

Rogovskii VS. The linkage between inflammation and Immune Toler-

ance: interfering with inflammation in Cancer. Curr Cancer Drug Targets.
2017,17(4):325-32.

Prins JR, Gomez-Lopez N, Robertson SA. Interleukin-6 in pregnancy and
gestational disorders. J Reprod Immunol. 2012;95(1-2):1-14.

McFarlane A, Pohler E, Moraga I. Molecular and cellular factors determining
the functional pleiotropy of cytokines. FEBS J [Internet]. 2023;290(10):2525-
52. https://www.ncbi.nlm.nih.gov/pubmed/35246947

Wang Q, Sun, Fan R, Wang M, Ren C, Jiang A et al. Role of inflammatory fac-
tors in the etiology and treatment of recurrent implantation failure. Reprod
Biol [Internet]. 2022,22(4):100698. https://www.ncbi.nlm.nih.gov/pubmed/36
162310

Shan J, Li DJ, Wang XQ. Towards a Better Understanding of Endometriosis-
Related Infertility: A Review on How Endometriosis Affects Endometrial
Receptivity. Biomolecules [Internet]. 2023;13(3):430. https://www.ncbi.nlm.ni
h.gov/pubmed/36979365

(2024) 22:150

55.

56.

57.

58.

59.

60.

Page 13 of 13

Choi YS, Kim S, Oh YS, Cho S, Kim SH. Elevated serum interleukin-32 levels in
patients with endometriosis: A cross-sectional study. Am J Reprod Immunol
[Internet]. 2019;82(2):213149. https://www.ncbi.nlm.nih.gov/pubmed/31099
938

Martinez S, Garrido N, Coperias JL, Pardo F, Desco J, Garcia-Velasco JA et al.
Serum interleukin-6 levels are elevated in women with minimal-mild endo-
metriosis. Hum Reprod [Internet]. 2007;22(3):836-42. https://www.ncbi.nlm.n
ih.gov/pubmed/17062580

SuQ Pan Z Yin R, Li X. The value of G-CSF in women experienced at least one
implantation failure: a systematic review and meta-analysis. Front Endocrinol.
2024;15:1370114.

Granot |, Gnainsky Y, Dekel N. Endometrial inflammation and effect on
implantation improvement and pregnancy outcome. Reproduction.
2012;144(6).661-8.

Pantos K, Grigoriadis S, Maziotis E, Pistola K, Xystra P, Pantou A, et al. The role
of interleukins in recurrent implantation failure: a Comprehensive Review of
the literature. Int J Mol Sci. 2022;23(4):2198.

Braun D, Longman RS, Albert ML. A two-step induction of indoleamine 2,3
dioxygenase (IDO) activity during dendritic-cell maturation. Blood [Internet].
2005;106(7):2375-81. https://www.ncbi.nlm.nih.gov/pubmed/15947091
Blois SM, Kammerer U, Soto CA, Tometten MC, Shaikly V, Barrientos G et al.
Dendritic cells: key to fetal tolerance? Biol Reprod [Internet]. 2007;77(4):590-
8. https://www.ncbi.nlm.nih.gov/pubmed/17596562

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://www.ncbi.nlm.nih.gov/pubmed/33279421
https://www.ncbi.nlm.nih.gov/pubmed/33279421
https://doi.org/10.1093/humrep/deac107.163
https://www.ncbi.nlm.nih.gov/pubmed/35246947
https://www.ncbi.nlm.nih.gov/pubmed/36162310
https://www.ncbi.nlm.nih.gov/pubmed/36162310
https://www.ncbi.nlm.nih.gov/pubmed/36979365
https://www.ncbi.nlm.nih.gov/pubmed/36979365
https://www.ncbi.nlm.nih.gov/pubmed/31099938
https://www.ncbi.nlm.nih.gov/pubmed/31099938
https://www.ncbi.nlm.nih.gov/pubmed/17062580
https://www.ncbi.nlm.nih.gov/pubmed/17062580
https://www.ncbi.nlm.nih.gov/pubmed/15947091
https://www.ncbi.nlm.nih.gov/pubmed/17596562

	﻿Dendritic cells under the control of the preimplantation embryo secretome: an in vitro study
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Participants
	﻿Sample collection
	﻿Generation and culture of monocyte-derived dendritic cells
	﻿Generation and culture of CD4+ T naïve cells
	﻿Protein assays
	﻿Flow cytometry
	﻿Measurement of tryptophan, kynurenine and neopterin
	﻿Statistical analysis

	﻿Results
	﻿Study population parameters
	﻿Preimplantation embryos secrete a variety of cytokines and growth factors
	﻿MoDC phenotypical characterization
	﻿MoDC protein secretion and IDO-1 activity
	﻿SM-moDC activate T cells

	﻿Discussion
	﻿Conclusion
	﻿References


