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Abstract 

Objectives: This investigation aims to evaluate the association between the concentration of cell‑free DNA (cfDNA) 
in the spent culture medium (SCM) with implantation rate and the maternal immune system in the invitro fertilization 
(IVF). In this study, 30 embryos were cultured and scored according to Gardner’s criteria. SCM was gathered on day 
five from every embryo to analyze the quantity of cfDNA. The real‑time PCR technique evaluated the expression level 
of transcription factors, including Foxp3, RORγt, GATA3, and T‑bet. The percentage of Th1, Th2, Th17, Treg, NK cells, and 
NK cells cytotoxicity was evaluated by flow cytometry.

Results: The concentration of cfDNA in the β‑HCG (‑), β‑HCG ( +), and ongoing pregnancy groups were 
20.70 ± 9.224 ng/µL, 27.97 ± 7.990 ng/µL, and 28.91 ± 8.566 ng/µL, respectively. The ratio of Th1/Th2 and Th17/Treg 
reduced significantly in pregnant women, as well as the level of NK cells and NK cytotoxicity cells fell dramatically in 
the ongoing pregnancy group. The expression level of RORγt and T‑bet declined while the expression level of Foxp3 
and GATA3 increased considerably in pregnant mothers. Our investigation revealed that the concentration level 
of cfDNA in SCM could not be associated with implantation rate, prediction of ongoing pregnancy, and maternal 
immune system.
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Introduction
Infertility is a problem in the worldwide that affect one in 
six couples in Western countries. According to the statis-
tics, annually 60–80 million couples in the world suffer 
from infertility, various risk factors cause infertility, such 
as, the age of the woman, chromosomal abnormalities, 

ovulatory disorders, defective male fertility, hormonal 
disorders, immune response, cell phone use, sexual vio-
lence, stress, lifestyle related factors, including: smok-
ing, obesity, alcohol, diet and chemical environment that 
reducing the chance of successful pregnancy [1–3].

Infertility severely affects the reproductive capabilities 
of mature partners, leading to increased application of 
assisted reproductive technology (ART) [4, 5]. The trans-
mission of a single euploid embryo would decline the fre-
quency of multiple pregnancy problems and miscarriage; 
while at the same time increases in  vitro fertilization 
(IVF) accuracy and efficiency [6]. In this perspective, the 
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laboratory uses numerous techniques to assess embry-
onic viability. These techniques comprise morphologi-
cal evaluations based on distinct features noticed during 
embryonic development [7, 8], time-lapse imaging [9], 
metabolomics and proteomics assessment [10, 11], and 
micro-RNA analysis [12].

The cooperation of IVF technology and preimplanta-
tion genetic testing (PGT) has increased the chance of 
a healthy baby and normal pregnancy [13]. PGT can be 
performed by direct genetic evaluation of multiple cells 
or single cells that are removed from preimplantation 
embryos at the blastocyst stage (trophectoderm biopsy) 
or cleavage stage (blastomere biopsy), respectively [14, 
15]. Although embryonic cell biopsy is still an invasive 
procedure, it has been extensively utilized in IVF units. 
Therefore, a non-invasive technique is required to detect 
embryos for aneuploidy or hereditary disorders. Lo, et al. 
[16] announced that embryonic cell-free DNA (cfDNA) 
exists in the peripheral blood of pregnant females, and 
cf-DNA can be applied for non-invasive PGT (niPGT). 
Researchers have reported that embryonic DNA can 
be found in blastocyst fluid and spent culture medium 
(SCM) [17, 18]. It seems that the existence of cf-DNA in 
the blastocoel cavity is due to natural apoptosis during 
embryonic development [19]. Shamonki et al. [20] stated 
that the niPGT results of cfDNA in SCM were compat-
ible with trophectoderm (TE) biopsy. Other research also 
revealed that aneuploid niPGT (niPGT-A) from SCM 
was less susceptible to embryonic mosaicism mistakes, 
and niPGT-A was more reliable than PGT-A from TE 
biopsy [21].

A healthy pregnancy requires intricate interactions 
between the decidual immune cells of the mother and 
the fetal trophoblasts, which promote the growth and 
development of the embryo in the uterus. At the same 
time, the immunological mechanism of the mother stays 
mainly intact. Macrophages, DCs, T cells, and NK cells 
play a vital role in modulating the uterine environment 
to ensure a healthy pregnancy [22]. macrophages play 
an important role in pregnancy, in early pregnancy mac-
rophage involved in trophoblast invasion, tissue, vas-
cular remodeling, and tolerance to the semiallogeneic 
fetus, macrophages provide a significant contribute to 
fertilization, implantation and decidualization and Their 
dysfunction is implicated in pregnancy disorders, like 
infertility, intrauterine growth restriction, preeclamp-
sia, recurrent spontaneous abortion, and preterm labor 
[23]. at the same time, T cells exerts an essential role in 
promoting maternal–fetal tolerance, Embryo implanta-
tion, Placenta development and Fetus survival by con-
trolling the trophoblast invasion and angiogenesis [24, 
25]. Moreover, NK cells are the most abundant immune 
cells of decidua in first trimester of gestation and affect 

pregnancy outcome by secreting cytokines, chemokines, 
and angiogenic mediators, among immune cells, NK cells 
Make significant contributions to spiral artery remod-
eling, trophoblast invasion, response to pathogens, and 
also decidualization, which have an important role in 
outcome of pregnancy [26] The predominant frequency 
of NK cells in the blood circulation is  CD16+CD56dim 
NK cells, whereas the majority of NK cells in the endo-
metrium are  CD16−CD56bright NK cells [27]. A recent 
study showed that the percentage of CD16 + CD56dim 
NK cells increases in patients who experienced recurrent 
pregnancy loss [28]. During pregnancy, T lymphocytes 
play a critical function in immunostimulation and immu-
noregulation [29]. Investigations have shown that during 
a healthy pregnancy, the percentage of Th2 outnum-
bers Th1, which can protect the fetus from the maternal 
immune system [30, 31]. The recent paradigm for healthy 
pregnancy has been extended to Th1/Th2 and Th17/
regulatory T (Treg) [32, 33]. This carefully controlled 
process between defense and tolerance includes a unique 
kinetic profile for Treg cells located at the maternal–fetal 
interface [34]. This research aims to evaluate the associa-
tion between the concentration of cfDNA in SCM with 
implantation rate and the maternal immune system in 
IVF cycles.

Main text
Materials and methods
Study design
Intracytoplasmic sperm injection (ICSI) was utilized to 
fertilize oocytes. Thirty embryos were cultured based 
on the conventional blastocyst culture process. SCM 
was gathered on day five from every embryo to analyze 
the quantity of cfDNA. Additionally, five media drops 
were retained in the same conditions without interaction 
with embryos to serve as controls. The quantification of 
cfDNA was assessed by Nanodrop Spectrophotometer. 
Blastocysts morphology was also scored According to 
blastocyst scoring system (Gardner’s criteria) [35], that 
is, Grade 1: early blastocyst, wherein the blastocele is 
less than half the volume of the embryo; Grade 2: blas-
tocyst, wherein the blastocele is greater than or equal to 
half of the volume of the embryo; Grade 3: full blastocyst, 
wherein the blastocele completely fills the embryo; Grade 
4: expanded blastocyst, wherein the blastocele volume is 
larger than that of the early embryo and the zona pellu-
cida is thinning; Grade 5: hatching blastocyst, which the 
trophectoderm has started to herniate through the zona 
pellucida; and Grade 6: hatched blastocyst, in which the 
blastocyst has completely escaped from the zona pel-
lucida. The development of the inner cell mass (ICM) 
and trophectoderm was also assessed. The ICM grading 
was as follows: A: many cells that are tightly packed; B: 
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several cells that are loosely grouped; or C: very few cells. 
The trophectoderm grading was as follows: A: many cells 
forming a tightly knit epithelium; B: a few cells; or C: very 
few cells forming a loose epithelium [36]. Finally, single 
embryo was transferred to each patient.

Maternal blood sampling
Blood samples were obtained from 30 women two weeks 
after IVF–embryo transfer. Blood samples were used for 
β-human chorionic gonadotropin (β-HCG) and immu-
nological factors analysis. Among the β-HCG ( +) group, 
blood samples were taken from pregnant women at 
12 weeks of gestation for further immunological factors 
examination. Briefly, 10  ml of blood were taken in the 
heparinized tube from participants under aseptic condi-
tion. PBMCs were isolated from freshly drawn blood by 
1.077 g/ml Ficoll density-gradient centrifugation. Please, 
reformulate this sentence in a more fluent way [37]. Sepa-
rated PBMCs were applied for gene expression and lym-
phocyte percentage analysis.

Real time PCR
Isolated PBMCs were incubated with RNX-PLUS Solu-
tion to extract total RNA (Sina Clon, Iran). Revert Aid 
Reverse Transcriptase kit was used according to manu-
facture instruction to synthesis Complementary DNA 
(cDNA) (Thermo Fisher, MA). The real-time PCR tech-
nique evaluated the expression level of transcription 
factors associated with the maternal immune system, 
including Foxp3, RORγt, GATA3, and T-bet.

Flow cytometry
The percentage of Th1, Th2, Th17, Treg, NK cells, and 
NK cells cytotoxicity in isolated PBMCs from 30 par-
ticipants was evaluated by flow cytometry. For Th1 and 
Th2 cells detection in PBMCs, cells were dyed with 
FITC-labeled anti CD4, PE-labeled anti-IL-4 (for Th1) 
and APC-labeled anti-IFN-γ (for Th2) (BD Biosciences, 
CA, USA) for 30 min at room temperatur. PBMCs were 
stained by FITC-conjugated anti-CD4 antibodies at 4 °C 
for 15 min and after the washing process cells were incu-
bated with anti-IL-17-APC antibodies for 20 min at room 
temperature (BD Biosciences, CA, USA) for Th17 rec-
ognition. PBMCs were incubated for 45 min at 4 °C with 

FITC-conjugated anti-CD4, and anti-CD127-APC, and 
anti-CD25-PE-conjugated antibodies (BD Biosciences, 
CA, USA) for Treg detection, and anti-CD56 fluoro-
chrome-conjugated antibody was used for NK cells fre-
quency assessment. PBMCs were stained and incubated 
with antibodies based on previous work [38, 39]. The 
flow cytometry-based method was assessed NK cells 
cytotoxicity [40]. All samples were analyzed on the same 
day using a FACS via flow cytometer (BD Biosciences, 
CA, USA).

Statistical analysis
Data were displayed by Mean ± SD. Statistical analysis 
was performed by SPSS (Ver. 24.0). Kruskal–Wallis one-
way analysis was performed to assess statistical signifi-
cance between groups. Graph Pad Prism (Ver. 8.00) was 
used to illustrate all graphs. P-values lower than 0.05 was 
presumed as statistically significant.

Results
Embryo grade and pregnancy
β-HCG of 30 participants undergoing IVF–embryo 
transfer was tested. 18 and 12 women were negative and 
positive for the β-HCG test, respectively. Among partici-
pants with the positive β-HCG test, 9 women exhibited 
ongoing pregnancy for the first trimesters. The morphol-
ogy of embryos was graded according to Gardner’s crite-
ria (Table 1).

cfDNA concentration
The concentration of cfDNA in SCM was measured 
by Nanodrop. 5 samples were assessed as a control to 
check media contamination and the amount of DNA in 
these media was negligible (0.9000 ± 0.9798 ng/µL). The 
cfDNA concentration in β-HCG (-), β-HCG ( +), and 
ongoing pregnancy groups were 20.70 ± 9.224  ng/µL, 
27.97 ± 7.990  ng/µL, and 28.91 ± 8.566  ng/µL, respec-
tively. The P-value between β-HCG (-) and β-HCG ( +) 
was 0.1775. The P-values for β-HCG (-) and β-HCG 
( +) compared to ongoing pregnancy were 0.1548 
and > 0.9999, respectively (Fig.  1 and Additional file  1: 
Table S1).

Table 1 embryo grade in β‑HCG‑, β‑HCG + groups

Embryo Grade

1AA 2AA 3AA 4AA 4BB 4CC

β‑HCG‑(N = 18) 5 3 2 2 3 3
β‑HCG + (N = 12) 2 3 2 1 2 2
Firs trimesters(N = 9) 2 2 1 1 2 1
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Flow cytometry analysis
The flow cytometry results are displayed in Additional 
file  2: Table  S2. The results indicated significantly 
declined Th1 level in pregnant women compared to the 
β-HCG (-) group (23.44 ± 8.368 versus 34.11 ± 11.20, 
p = 0.0328, respectively). While, the frequency of Th2 
increased considerably in ongoing pregnancy group 
in comparison with β-HCG (-) (2.722 ± 0.7612 ver-
sus 1.894 ± 0.7125, p = 0.0452, respectively) (Fig.  2 
and Additional file  2: Table  S2). Additionally, the 
percentage of Th17 decreased in the first trimes-
ter women compared to both β-HCG (-) and β-HCG 
( +) groups (1.911 ± 1.135 versus 3.528 ± 1.554 and 
3.383 ± 1.407, p = 0.0171 and p = 0.0454, respec-
tively. In contrast, Treg frequency increased notice-
ably in ongoing pregnancy group compared to both 
β-HCG (-) and β-HCG ( +) groups (8.167 ± 3.689 ver-
sus 4.094 ± 1.621 and 4.300 ± 2.022, p = 0.0286 and 
p = 0.0422, respectively) (Additional file  3: Figure S1 
and Additional file  2: Table  S2). Besides, Th1/Th2 
(8.711 ± 2.302 versus 19.26 ± 7.421 and 15.43 ± 5.295, 
p < 0.0001 and p = 0.0036, respectively) and Th17/
Treg (0.3100 ± 0.2226 versus 0.9189 ± 0.3455 and 
0.8450 ± 0.2983, p < 0.0001 and p = 0.0005, respectively) 
ratios significantly reduced in pregnant women com-
pared to β-HCG (-) and β-HCG ( +) (Additional file 4: 
Figure S2 and Additional file 2: Table S2).

Regarding the NK cells, flow cytometry results 
showed significant reduction in NK cells number 
(7.111 ± 2.369 versus 12.82 ± 4.127 and 11.17 ± 3.129, 
p = 0.0005 and p = 0.0093, respectively) and cyto-
toxicity (7.889 ± 2.759 versus 14.59 ± 4.678 and 
12.17 ± 3.433, p = 0.0048 and p = 0.0450, respectively) 
in the ongoing pregnancy group compared to both 

previously mentioned groups (Additional file 5: Figure 
S3 A/B and Additional file 2: Table S2).

Gene expression analysis
The real-time PCR technique was exerted to evalu-
ate the expression level of transcription factors such 
as Foxp3, RORγt, GATA3, and T-bet (Additional file  2: 
Table S2). The results exhibited that the expression level 
of RORγt (0.3333 ± 0.1732 versus 1.000 ± 0.07096 and 
0.8000 ± 0.5187, p < 0.0001 and p = 0.0330, respectively) 
and T-bet (0.6444 ± 0.3504 versus 1.000 ± 0.1033 and 
0.8583 ± 0.2906, p = 0.0430 and p > 0.05) declined in 
pregnant women compared to β-HCG (-) and β-HCG 
( +) groups. On the other side, the expression level 
of Foxp3 (1.767 ± 0.3391 versus 1.000 ± 0.1328 and 
1.208 ± 0.5900, p = 0.0003 and p = 0.0396, respectively) 
and GATA3 (1.767 ± 0.6856 versus 1.000 ± 0.09165 and 
1.158 ± 0.3059, p = 0.0285 and p > 0.05, respectively) 
considerably increased in participants that experienced 
the first trimesters of pregnancy in comparison with the 
β-HCG (-) and β-HCG ( +) groups (Additional file 6: Fig-
ure S4 and Additional file 2: Table S2).

Discussion
In clinical experience, some embryos with excellent 
morphology lead to failed pregnancy, even spontane-
ous termination after transfer. These might be due to a 
chromosomal inversion, deletion, translocation, or DNA 
mutation. Thus, DNA analysis is required before embryo 
implantation [41]. Currently, TE biopsy has been used 
for chromosomal screening before embryo implantation 
and this technique is vastly reproducible between ART 
clinics [42]. Although, the origin of cfDNA is unknown, 
embryonic cells apoptosis may contribute to the presence 

Fig. 1 Concentration of cfDNA (ng/µL) in the in the β‑HCG (‑), β‑HCG ( +) and ongoing pregnancy groups. Data are presented as mean ± standard 
division



Page 5 of 7Alizadegan et al. BMC Research Notes          (2022) 15:259  

of cfDNA [43, 44]. Therefore, cfDNA in the SCM could 
be derived from each cell line and represents the entire 
circumstance of blastocysts more accurately than TE 
biopsy [45]. Although, S. Stigliani et  al. [46] found that 
the quantity of DNA in embryos with poor quality cleav-
age is more than high-scored embryos and the ratio of 
mitochondrial DNA/genomic DNA in SCM was related 
to good implantation results, we could not find any sig-
nificant association between the amounts of total cfDNA 
in SCM and the rate of implantation in our study. These 
differences might be due to the appliance of various 
techniques for assessing cfDNA in SCM. The recently 
published research showed pieces of evidence that the 
well-scored embryos with excellent morphological char-
acteristics have a high amount of cfDNA in blastocoel 
fluid [19]. These findings strengthen the notion that 
DNA molecules are released into SCM from embry-
onic cells as a method for correcting aneuploidies [47]. 
Some researchers have also believed that the presence 
of cfDNA in embryonic culture is produced by apopto-
sis during embryonic physiological development [48, 49]. 

Even though we observed that the quantity of cfDNA was 
slightly higher in the pregnant groups; however, the dif-
ference was not statically significant.

Many investigations have found that whereas Th1 cells 
are prominent in abortion, the presence of Th2 cells has 
also been observed in recurrent pregnancy loss [50, 51]. 
However, the Th17/Treg balance is disturbed in particular 
pregnancy disorders such as preterm birth, preeclamp-
sia, and URPL [38, 52]. In concordance with previous 
studies, our results showed that the Th1/Th2 and Th17/
Treg ratios considerably declined in ongoing pregnancy 
group. Gene expression analysis also confirmed that the 
transcription factors involved in Th17 (RORγt) and Th1 
(T-bet) development decreased in pregnant women. 
While, the expression level of FOXP3 and GATA3 signifi-
cantly increased in pregnant women, which are crucial 
for Treg and Th1 development, respectively. Patients that 
suffer from recurrent pregnancy loss had a high propor-
tion of peripheral blood NK cells; while, the percentage 
of NK cells in the endometrium is significantly low [28]. 
We also demonstrated that the frequency and activity of 

Fig. 2 Frequency of Th1 and Th2 in the β‑HCG (‑), β‑HCG ( +) and ongoing pregnancy groups. Data are presented as mean ± standard division. 
P < 0.05 was considered as statistically significant
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NK cells declined in peripheral blood of the group which 
experienced the first trimester of pregnancy.

Conclusion
In conclusion, our investigation revealed that cfDNA 
concentration level in spent culture medium could not 
be associated with implantation rate, prediction of ongo-
ing pregnancy, and maternal immune system. Due to 
increased need for regular genetic testing before the 
implantation process, PGT has recently been widely used 
in ART. While, researches have proven the existence of 
significant cfDNA in embryonic SCM, numerous tech-
nological hurdles must be overcome before NI-PGT can 
be considered as a credible source of embryonic genetic 
information. Comprehensive investigations are necessary 
to identify how accurately cfDNA indicates the genetic 
composition of the entire embryo and assess the medical 
effectiveness of these techniques on pregnancy outcomes.

Limitations
A limitation of our study was small sample size.

Abbreviations
ART : Assisted reproductive technology; β‑HCG: β‑Human chorionic gonado‑
tropin; cfDNA: Cell‑free DNA; DCs: Dendritic cells; Foxp3: Forkhead box P3; ICM: 
Inner cell mass; ICSI: Intracytoplasmic sperm injection; IVF: In‑vitro fertilization; 
niPGT: Non‑invasive PGT; PBMCs: Peripheral blood mononuclear cells; PGT: 
Preimplantation genetic testing; RORγt: Receptor‑related orphan receptor γt; 
SCM: Spent culture medium; TE: Trophectoderm; URPL: Unexplained recurrent 
pregnancy loss.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13104‑ 022‑ 06151‑8.

Additional file 1: Table S1. cfDNA content in spent culture media of 
groups.

Additional file 2: Table S2. Immunological features of IVF implanted 
women in different situation.

Additional file 3: Figure S1. The frequency of Th17 and Treg in the 
β‑HCG (‑), β‑HCG ( +) and ongoing pregnancy groups. Data are presented 
as mean ± standard division. P < 0.05 was considered as statistically 
significant.

Additional file 4: Figure S2. The ratio of Th1/Th2 and Th17/Treg in the 
β‑HCG (‑), β‑HCG ( +) and ongoing pregnancy groups. Data are presented 
as mean ± standard division. P < 0.05 was considered as statistically 
significant.

Additional file 5: Figure S3. A) The percentage of NK cells and B) the 
percentage of NK cell cytotoxicity in the β‑HCG (‑), β‑HCG ( +) and ongo‑
ing pregnancy groups. Data are presented as mean ± standard division. 
P < 0.05 was considered as statistically significant.

Additional file 6: Figure S4. The expression level of transcription 
factors involved in the maternal immune system. Data are presented 
as mean ± standard division. P < 0.05 was considered as statistically 
significant.

Acknowledgements
This study was supported by grant of Tabriz University of Medical Sciences 
(Grant No.62330)

Author contributions
Conceptualization; MY. and MN. Methodology/Writing—original draft; AA. and 
MA. Writing—review & editing. MSS‑Z. and SD. Data curation; BV. and HD‑M. 
Formal analysis; AM. and SM. Funding acquisition; MN. Investigation; SB. and 
GB. Project administration; KH. Software; RS. Supervision; MY. Validation; AGh. 
and PH. All authors read and approved the final manuscript.

Funding
The current study was supported by Tabriz University of Medical Sciences, 
Tabriz, Iran (Grant No. 62330).

Availability of data and materials
All the necessary data are presented herewith. However if needed, raw data 
on excel format can be availed on reasonable request from the corresponding 
author.

Declarations

Ethics approval and consent to participate
The current study was approved by the Research Ethics Committee of Tabriz 
University of Medical Science (code: IR.TBZMED.REC.1399.021). Written 
informed consent was obtained from all participants prior any sampling and 
the whole procedure of the study was fully explained.

Consent for publication
Not applicable.

Competing interests
The authors declare that there is no conflict of interests regarding the publica‑
tion of this paper.

Author details
1 Department of Reproductive Biology, Faculty of Advanced Medical Sciences, 
Tabriz University of Medical Sciences, Tabriz, Iran. 2 Alzahra Hospital, Tabriz 
University of Medical Sciences, Tabriz, Iran. 3 Stem Cell Research Center, Tabriz 
University of Medical Science, Tabriz, Iran. 4 Woman’s Reproductive Health 
Research Center, Tabriz University of Medical Sciences, Tabriz, Iran. 5 Faculty 
of Veterinary and Paramedicine, Urmia Branch, Islamic Azad University, Urmia, 
Iran. 6 Department of Genetics and Molecular Biology, School of Medicine, Isfa‑
han University of Medical Sciences, Isfahan, Iran. 7 Hematology and Oncology 
Research Center, Tabriz University of Medical Sciences, Tabriz, Iran. 8 Physical 
Medicine and Rehabilitation Research Center, Aging Research Institute, Tabriz 
University of Medical Sciences, Tabriz, Iran. 9 Department of Physiology‑Phar‑
macology‑Medical Physic, School of Medicine, Alborz University of Medical 
Sciences, Karaj, Iran. 10 Department of Immunology, School of Medicine, Tabriz 
University of Medical Sciences, Tabriz, Iran. 

Received: 2 May 2022   Accepted: 7 July 2022

References
 1. Bianchi S, et al. Ultrastructural and morphometric evaluation of aged 

cumulus‑oocyte‑complexes. Ital J Anat Embryol. 2013;118(2):1.
 2. Bianchi S, et al. Association between female reproductive health and 

mancozeb: Systematic review of experimental models. Int J Environ Res 
Public Health. 2020;17(7):2580.

 3. Deyhoul N, Mohamaddoost T, Hosseini M. Infertility‑related risk factors: a 
systematic review. Int J Womens Health Reprod Sci. 2017;5(1):24–9.

 4. Centers for Disease Control and Prevention, American Society for Repro‑
ductive Medicine, Society for Assisted Reproductive Technology. 2009 
Assisted Reproductive Technology Success Rates: National Summary and 
Fertility Clinic Reports. Atlanta: U.S. Department of Health and Human 
Services; 2011.

https://doi.org/10.1186/s13104-022-06151-8
https://doi.org/10.1186/s13104-022-06151-8


Page 7 of 7Alizadegan et al. BMC Research Notes          (2022) 15:259  

 5. Sunderam S, et al. Assisted reproductive technology surveillance—
United States, 2016. MMWR Surveill Summ. 2019;68(4):1.

 6. Forman EJ, et al. Obstetrical and neonatal outcomes from the BEST Trial: 
single embryo transfer with aneuploidy screening improves outcomes 
after in vitro fertilization without compromising delivery rates. Am J 
Obstet Gynecol. 2014;210(2):1571–6.

 7. Yin H, et al. The effects of blastocyst morphological score and blastocoele 
re‑expansion speed after warming on pregnancy outcomes. Clin Exp 
Reprod Med. 2016;43(1):31.

 8. Lazzaroni‑Tealdi E, et al. Oocyte scoring enhances embryo‑scoring in 
predicting pregnancy chances with IVF where it counts most. PLoS ONE. 
2015;10(12): e0143632.

 9. Liu Y, et al. Time‑lapse deselection model for human day 3 in vitro 
fertilization embryos: the combination of qualitative and quantitative 
measures of embryo growth. Fertility Sterility. 2016;105(3):656‑6621e1.

 10. Uyar A, Seli E. Metabolomic assessment of embryo viability. Semin 
Reprod Med. 2014;32(2):141–52.

 11. Katz‑Jaffe M, et al. The role of proteomics in defining the human embry‑
onic secretome. Mol Hum Reprod. 2009;15(5):271–7.

 12. Rosenbluth EM, et al. MicroRNA expression in the human blastocyst. 
Fertility Sterility. 2013;99(3):855‑861e3.

 13. Sermon K, Van Steirteghem A, Liebaers I. Preimplantation genetic diagno‑
sis. Lancet. 2004;363(9421):1633–41.

 14. Handyside AH, et al. Biopsy of human preimplantation embryos and sex‑
ing by DNA amplification. Lancet. 1989;333(8634):347–9.

 15. Schoolcraft WB, et al. Clinical application of comprehensive chromosomal 
screening at the blastocyst stage. Fertil Steril. 2010;94(5):1700–6.

 16. Lo YD, et al. Presence of fetal DNA in maternal plasma and serum. Lancet. 
1997;350(9076):485–7.

 17. Palini S, et al. Genomic DNA in human blastocoele fluid. Reprod Biomed 
Online. 2013;26(6):603–10.

 18. Stigliani S, et al. Mitochondrial DNA content in embryo culture medium 
is significantly associated with human embryo fragmentation. Hum 
Reprod. 2013;28(10):2652–60.

 19. Rule K, et al. Relationship between blastocoel cell‑free DNA and day‑5 
blastocyst morphology. J Assist Reprod Genet. 2018;35(8):1497–501.

 20. Shamonki MI, et al. Proof of concept: preimplantation genetic screen‑
ing without embryo biopsy through analysis of cell‑free DNA in spent 
embryo culture media. Fertil Steril. 2016;106(6):1312–8.

 21. Huang L, et al. Noninvasive preimplantation genetic testing for ane‑
uploidy in spent medium may be more reliable than trophectoderm 
biopsy. Proc Natl Acad Sci. 2019;116(28):14105–12.

 22. PrabhuDas M, et al. Immune mechanisms at the maternal‑fetal interface: 
perspectives and challenges. Nat Immunol. 2015;16(4):328–34.

 23. Jena MK, et al. Role of macrophages in pregnancy and related complica‑
tions. Arch Immunol Ther Exp. 2019;67(5):295–309.

 24. Zhang YH, Sun HX. Immune checkpoint molecules in pregnancy: focus 
on regulatory T cells. Eur J Immunol. 2020;50(2):160–9.

 25. Jafarpour R, et al. Functional significance of lymphocytes in pregnancy 
and lymphocyte immunotherapy in infertility: A comprehensive review 
and update. Int Immunopharmacol. 2020;87: 106776.

 26. Li L, et al. miRNAs in decidual NK cells: regulators worthy of attention 
during pregnancy. Reprod Biol Endocrinol. 2021;19(1):1–9.

 27. Hashemi V, et al. Natural killer T cells in Preeclampsia: An updated review. 
Biomed Pharmacother. 2017;95:412–8.

 28. Lachapelle M‑H, et al. Endometrial T, B, and NK cells in patients with 
recurrent spontaneous abortion Altered profile and pregnancy outcome. 
J Immunol. 1996;156(10):4027–34.

 29. Saito S, et al. Th1/Th2/Th17 and regulatory T‑cell paradigm in pregnancy. 
Am J Reprod Immunol. 2010;63(6):601–10.

 30. Schjenken JE, et al. Mechanisms of maternal immune tolerance during 
pregnancy. Recent Adv Res Human Placenta. 2012;11:211–42.

 31. Wegmann TG, et al. Bidirectional cytokine interactions in the maternal‑
fetal relationship: is successful pregnancy a TH2 phenomenon? Immunol 
Today. 1993;14(7):353–6.

 32. Peck A, Mellins ED. Plasticity of T‑cell phenotype and function: the T 
helper type 17 example. Immunology. 2010;129(2):147–53.

 33. Crome S, Wang A, Levings M. Translational mini‑review series on Th17 
cells: function and regulation of human T helper 17 cells in health and 
disease. Clin Exp Immunol. 2010;159(2):109–19.

 34. Thuere C, et al. Kinetics of regulatory T cells during murine pregnancy. 
Am J Reprod Immunol. 2007;58(6):514–23.

 35. Gardner DK, Schoolcraft WB. Culture and transfer of human blastocysts. 
Curr Opin Obstet Gynecol. 1999;11(3):307–11.

 36. Lee T‑H, et al. Blastocyst morphology score as an indicator of embryo 
competence for women aged younger than 38 years in in vitro fertiliza‑
tion cycles. Taiwan J Obstet Gynecol. 2013;52(3):374–80.

 37. Eghbal‑Fard S, et al. The imbalance of Th17/Treg axis involved in the 
pathogenesis of preeclampsia. J Cell Physiol. 2019;234(4):5106–16.

 38. Zolfaghari MA, et al. A new approach to the preeclampsia puzzle; Micro‑
RNA‑326 in CD4+ lymphocytes might be as a potential suspect. J Reprod 
Immunol. 2021;145: 103317.

 39. Duramad P, et al. Flow cytometric detection of intracellular TH1/TH2 
cytokines using whole blood: validation of immunologic biomarker 
for use in epidemiologic studies. Cancer Epidemiol Prev Biomarkers. 
2004;13(9):1452–8.

 40. Kandarian F, et al. A flow cytometry‑based cytotoxicity assay for the 
assessment of human NK cell activity. J Visualized Exp. 2017. https:// doi. 
org/ 10. 3791/ 56191.

 41. Yang L, et al. Presence of embryonic DNA in culture medium. Oncotarget. 
2017;8(40):67805.

 42. Capalbo A, et al. Consistent and reproducible outcomes of blastocyst 
biopsy and aneuploidy screening across different biopsy practition‑
ers: a multicentre study involving 2586 embryo biopsies. Hum Reprod. 
2016;31(1):199–208.

 43. Hardy K. Cell death in the mammalian blastocyst. Mol Hum Reprod. 
1997;3(10):919–25.

 44. Hardy K. Apoptosis in the human embryo. Rev Reprod. 1999;4:125–34.
 45. Shitara A, et al. Cell‑free DNA in spent culture medium effectively 

reflects the chromosomal status of embryos following culturing beyond 
implantation compared to trophectoderm biopsy. PLoS ONE. 2021;16(2): 
e0246438.

 46. Stigliani S, et al. Mitochondrial DNA in Day 3 embryo culture medium is 
a novel, non‑invasive biomarker of blastocyst potential and implantation 
outcome. Mol Hum Reprod. 2014;20(12):1238–46.

 47. Hammond ER, et al. Characterizing nuclear and mitochondrial DNA in 
spent embryo culture media: genetic contamination identified. Fertility 
Sterility. 2017;107(1):220–8.

 48. Zhu P, et al. Single‑cell DNA methylome sequencing of human preim‑
plantation embryos. Nat Genet. 2018;50(1):12–9.

 49. Liu W, et al. Non‑invasive pre‑implantation aneuploidy screening and 
diagnosis of beta thalassemia IVSII654 mutation using spent embryo 
culture medium. Ann Med. 2017;49(4):319–28.

 50. Raghupathy R. Th 1‑type immunity is incompatible with successful preg‑
nancy. Immunol Today. 1997;18(10):478–82.

 51. Bates M, et al. Aberrant cytokine production by peripheral blood 
mononuclear cells in recurrent pregnancy loss? Hum Reprod. 
2002;17(9):2439–44.

 52. Figueiredo AS, Schumacher A. The T helper type 17/regulatory T cell 
paradigm in pregnancy. Immunology. 2016;148(1):13–21.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.3791/56191
https://doi.org/10.3791/56191

	Isolation of cfDNA from spent culture media and its association with implantation rate and maternal immunomodulation
	Abstract 
	Objectives: 
	Results: 

	Introduction
	Main text
	Materials and methods
	Study design
	Maternal blood sampling
	Real time PCR
	Flow cytometry
	Statistical analysis


	Results
	Embryo grade and pregnancy
	cfDNA concentration
	Flow cytometry analysis
	Gene expression analysis

	Discussion
	Conclusion
	Limitations
	Acknowledgements
	References




