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Abstract

TNFα and IFNγ are two inflammatory cytokines that play critical roles in immune responses, but 

they can also negatively affect cell proliferation and viability. In particular, the combination of the 

two cytokines (TNFα/IFNγ) synergistically causes cytotoxicity in many cell types. We recently 

reported that mouse embryonic stem cells (ESCs) isolated from the blastocyst stage embryo 

do not respond to TNFα and have limited response to IFNγ, thereby avoiding TNFα/IFNγ 
cytotoxicity. The current study expanded our investigation to mouse trophoblast stem cells (TSCs) 

and their differentiated trophoblasts (TSC-TBs), the precursors and the differentiated cells of 

the placenta, respectively. We report here that TNFα/IFNγ does not show the cytotoxicity to 

TSCs and TSC-TBs that otherwise effectively kills fibroblasts, similar to ESCs. Although ESCs, 

TSCs, and TSC-TBs are dramatically different in their growth rate, morphology, and physiological 

functions, nevertheless, they share a similarity in being able to avoid TNFα/IFNγ cytotoxicity. 

We propose that this unique immune property may serve as a protective mechanism that limits 

cytokine cytotoxicity in the blastocyst. With molecular and cellular approaches and genome-wide 

transcriptomic analysis, we have demonstrated that the attenuated NFκB and STAT1 transcription 

activation is a limiting factor that restricts the effect of TNFα/IFNγ on TSCs and TSC-TBs.
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Introduction

It is estimated that about 30% of naturally fertilized eggs do not successfully implant (1). 

Dysregulated immune response in the uterus is an important factor that causes implantation 

failure (2). The blastocyst is the preimplantation embryo that consists of two major 

components: the inner cell mass (ICM) and the trophectoderm (TE). The ICM gives rise 

to the fetus while the TE contributes to the development of the placenta. Implantation of the 

blastocyst into the uterus represents the most critical moment for the initiation of pregnancy, 

but it also elicits immunological responses at the maternal–fetal interface. Inflammatory 

cytokines are necessary for implantation but could negatively affect embryo development if 
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dysregulated, such as under inflammatory and infectious conditions (3). Currently, we have 

limited knowledge about the immune properties of cells in the blastocyst and how they deal 

with immunological challenges under physiological and pathological conditions.

A series of our studies have demonstrated that embryonic stem cells (ESCs) derived from the 

ICM have attenuated innate immune responses. Specifically, they have attenuated responses 

to LPS, TNFα, and IL-1β (4–6) and fail to express type I IFNs in response to viral infection 

(7–11). Apparently, ESCs are immunologically different from differentiated somatic cells 

and have attenuated innate immune responses. Antiviral and inflammatory responses play 

central roles in providing the first line of defense as critical parts of innate immunity. At the 

cellular level, these responses are mainly mediated by toll-like receptors, nucleotide-binding 

oligomerization domain-like receptors, and retinoic acid–inducible gene I–like receptors that 

recognize different pathogenic agents, known as pathogen associated molecular patterns 

(12). Upon binding with their ligands, the aforementioned receptors activate transcription 

factors, such as interferon response factors (IRFs) and NFκB, leading to the production 

of IFNs and inflammatory cytokines that participate in different aspects of the immune 

response (13,14). IFNs bind to their cell surface receptors and activate the JAK-STAT 

pathway, leading to the expression of IFN-stimulated genes that promote the cell to enter 

an “antiviral state” (15). Inflammatory cytokines, such as TNFα, activate their specific 

receptors and lead to inflammatory responses (16). As the name indicates, cellular innate 

immunity is presumably developed in most, if not all, types of somatic cells in vertebrates. 

However, what has recently been found in ESCs suggests that innate immunity is not, 

at least not entirely, “innate” to ESCs, and the ability to mount IFN and inflammatory 

responses is acquired in somatic cells during differentiation as we demonstrated in ESC-

differentiated fibroblasts (ESC-FBs) (9,17).

These findings in ESCs raise an intriguing question as to why these cells do not produce 

IFNs and have limited responses to certain inflammatory cytokines. We have discussed the 

biological implications of this phenomenon from different perspectives (18–21). From the 

perspective of immunology, immune response is viewed as a double-edged sword: it serves 

as a critical part of the defense mechanism but also causes collateral damage by inhibiting 

cell proliferation and causing cell death as a part of the immune response to eliminate 

infected or damaged cells (22–24). It is conceivable that immunological cytotoxicity could 

be tolerated in the tissue of a developed organism, but it could be detrimental to an 

early embryo. The cells in the blastocyst have a dedicated task of rapid proliferation for 

embryogenesis and could be particularly vulnerable. Indeed, excessive cytokine production 

of TNFα and IFNγ caused by systemic or reproductive tract inflammation and infection 

is recognized as a leading cause of implantation failure (25). In mice, LPS-induced 

production of TNFα and IFNγ dramatically increased the number of defected embryos 

(26,27). Therefore, TNFα and IFNγ are considered to be the major “embryotoxic cytokines” 

(25). It would be beneficial for cells in the blastocyst not to produce or respond to 

these cytokines resulting from implantation or intrauterine infection. At the cellular level, 

we have demonstrated that the combination of TNFα and IFNγ caused cell death of 

ESC-FBs, but it had no apparent effects on mouse and human ESCs and human induced 

pluripotent stem cells (4–6). These findings have led to our hypothesis that an attenuated 

Fendereski et al. Page 2

J Immunol. Author manuscript; available in PMC 2025 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



response to inflammatory cytokines in ESCs may serve as a protective mechanism to avoid 

immunological cytotoxicity (20,21).

The above hypothesis makes sense only if the attenuated innate immune response does 

not compromise ESCs’ overall innate immunity. Indeed, recent studies suggest that ESCs 

have adapted alternative mechanisms to gain antiviral innate immunity, such as by using a 

subset of preexisting or intrinsic IFN-stimulated genes (28). We have recently reported that 

trophoblast stem cells (TSCs) isolated from the TE of the blastocyst and TSC-differentiated 

trophoblasts (TSC-TBs) can produce IFNs and provide antiviral activity to ESCs via 

paracrine signaling (29). TSCs and TSC-TBs also have altered glycosylation mechanisms 

that limit viral replication and infectivity (30). In this study, we extended our investigation to 

the responses of TSCs and TSC-TBs to TNFα and IFNγ. Our results demonstrate that TSCs 

and TSC-TBs are refractory to TNFα/IFNγ cytotoxicity like ESCs, and we discuss the 

biological implications of the unique immunological properties of the cells in the blastocyst.

Materials and Methods

Cells and cell culture

Mouse TSCs (provided by Dr. Wei Hsu, University of Rochester Medical Center) (31,32) 

were routinely maintained in medium that contains 70% mouse embryonic fibroblast 

(MEF)-conditioned medium (CM) and 30% basal TSC culture medium (RPMI 1640 

containing 20% FBS, 1 mM sodium pyruvate, 2 mM L-glutamine, 50 units/mL penicillin, 

50 μg/mL streptomycin, 0.1 μM 2-mercaptoethanol, 25 ng/mL Fibroblast Growth Factor 

(FGF4), and 1 μg/mL heparin). TSC differentiation was carried out according to published 

protocols (33). Briefly, TSCs were promoted to differentiate by withdrawing FGF4, 

heparin, and MEF-CM and were cultured in basal TSC culture medium for 5–6 days. The 

differentiated cells were designated as TSC-TBs. The culture conditions for ESC-FBs and 

MEFs were previously described (7). All cells were maintained at 37 °C in a humidified 

incubator with 5% CO2.

Cell treatment

Cells at 60–70% confluence were treated with mouse TNFα and IFNγ (20 ng/ml, 

PeproTech, Rocky Hill, NJ) individually or in combination (TNFα/IFNγ). Cells were 

also treated with conditioned medium (CM) prepared from RAW cells (RAW 264.7 cells) 

that contains inflammatory cytokines as previously described (5). Briefly, RAW cells were 

treated with LPS (1 µg/ml, Sigma-Aldrich, St. Louis, MO) for 4 h. Then, the medium was 

removed, cells were washed three times with PBS, and fresh medium was added to the cells. 

After 24 h, the CM was collected and designated as LPS/CM. CM prepared from RAW cells 

without LPS treatment was used as control (Con/CM). The CM was diluted with 10% FBS 

DMEM (1:1) before it was used for cell treatment.

Real-time quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted using TRI-reagent. cDNA was prepared using Moloney murine 

leukemia virus reverse transcriptase. RT-qPCR was performed using SYBR Green Ready 

Mix with an MX3000P RT-PCR system (Agilent, Santa Clara, CA). The mRNA levels from 
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RT-qPCR were calculated using the comparative Ct method. Β-actin was used as a calibrator 

for the calculation of relative mRNA levels of the tested genes as previously described (7). 

As specified in individual experiments, the mRNA levels were either expressed as fold of 

activation, where the values in the controls were designated as 1 or expressed as relative 

levels normalized to β-actin. The sequences of the primer sets utilized for RT-qPCR are 

listed in Table I.

Cell viability analysis

Cell morphology and viability were routinely monitored with an Olympus CKX31 phase 

contrast microscope during the time course of treatment. Cell viability was determined 

by the number of viable cells after toluidine blue staining. The absorbance at 630 nm 

of toluidine blue extracted from the stained cells was measured with a BioTek ELx800 

microtiter plate reader. The values, which correlate with the number of cells in the cell 

culture dish, were used as an indirect measurement of cell proliferation/viability (6).

Western-blot, immunocytochemistry, and microscopic analysis

Western-blot analysis was performed according to previously published methods (7). Anti-β-

ACTIN antibodies (A5441) were purchased from Sigma-Aldrich (St Louis, MO). Antibodies 

against STAT1 (sc-417), inducible nitric oxide synthase (iNOS) (sc-7271), IκBα (sc-371), 

p-IκBα (sc-52943), TNFR1 (sc-8436) and m-IgGκ BP-HRP (sc-516102) were purchased 

from Santa Cruz Biotechnology (Dallas, TX). Antibodies against p-P65 (#3031), NFκB 

p65 (#8242), IRF1 (#8478), and anti-rabbit IgG HRP (#7074) were purchased from Cell 

Signaling Technology (Danvers, MA). Antibody against IFNγ receptor β chain (IFNGR2, 

Cat #559917) was purchased from BD Biosciences (San Jose, CA). Immunochemistry 

was performed according to our published methods with some modifications (28). Briefly, 

cells were fixed with 4% paraformaldehyde for 15 min and permeabilized in 4% FBS, 

0.1% Triton-X 100 in PBS for 1 h at room temperature. Cells were incubated with 

antibodies against NFκB p65 or IRF1 and detected with secondary antibodies conjugated 

with fluorescein (FITC). The cells were then examined under a Leica Stellaris STED Super-

Resolution Confocal Microscope.

RNA-seq analysis

TSCs, TSC-TBs, and MEFs treated with TNFα, IFNγ, or TNFα/IFNγ for 12 h were 

collected for RNA isolation using TRIzol (Thermo Fisher Scientific, Waltham, MA). RNA-

seq libraries were prepared using the NEBNext RNA Library Prep Kit (New England 

Biolabs, Ipswich, MA) following the manufacturer’s instructions. Briefly, poly(A) mRNA 

was isolated using the NEBNext poly(A) mRNA Magnetic Isolation Module. RNA-seq 

libraries were then constructed with NEBNext Ultra II RNA Library Prep Kit and 

multiplexed with NEBNext Multiplex Oligos for Illumina. The concentration of RNA-seq 

libraries was determined with a Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, 

Waltham, MA). The size of RNA-seq libraries was determined using the TapeStation 

4200 system (Agilent Technologies, Santa Clara, CA). Pooled indexed libraries were then 

sequenced on the Illumina NovaSeq 6000 platform with 150-bp paired-end reads.
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Multiplexed sequencing reads that passed filters were trimmed to remove low-quality reads 

and adaptors by Trim Galore (version 0.6.7) (-q 25 --length 20 --max_n 3 --stringency 3). 

The quality of reads after filtering was assessed by fastQC, followed by alignment to the 

mouse genome (GRCm39) by HISAT2 (version 2.2.1) with default parameters. The output 

SAM files were converted to BAM files and sorted using SAMtools6 (version 1.14). Read 

counts of all samples were quantified using featureCounts (version 2.0.1) with the mouse 

genome as a reference and were adjusted to provide CPM (counts per million mapped 

reads). The raw FASTQ files and normalized gene expression profiles (CPM) are available at 

Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/) under the accession 

number GSE224755.

Principal component analysis and cluster analysis were performed with R (a free software 

environment for statistical computing and graphics). Differentially expressed genes (DEGs) 

were identified using edgeR in R. Genes were considered differentially expressed if they 

provided a false discovery rate of <0.05 and fold change >2. ClusterProfiler was used to 

reveal the Gene Ontology (GO) and KEGG pathways in R.

Statistical analysis

Statistical analyses were performed using GraphPad Prism software (V.9) or Microsoft 

Excel Spreadsheet software. All experiments were repeated at least three times. Data are 

presented as the mean ± SD with three independent biological triplicates (n=3) in each 

experimental group, and differences were assessed for significance using two-tailed and 

unpaired Student’s t test or one-way ANOVA. Statistical differences are indicated by p-

values. P<0.05* was considered statistically significant.

Results

TSCs and TSC-TBs are less sensitive to cytokine cytotoxicity than MEFs and ESC-FBs

ESC-FBs and MEFs are mouse fibroblasts differentiated from ESCs in vitro and primary 

cells isolated from early embryos (day 11–13), respectively. Both are responsive to TNFα 
and IFNγ and were used for comparison with TSCs and TSC-TBs in this study. To 

determine cytokine toxicity, cells were treated with TNFα and IFNγ individually or in 

combination (TNF⍺/IFNγ) for 48 h. The number of cells in the cell culture dishes after 

treatment was used as an indirect measurement of cell viability. As shown in Fig.1A, TNFα 
or IFNγ alone had a limited but detectable effect on the viability of TSCs, TSC-TBs, MEFs, 

and ESC-FBs. However, the most notable observation is that TNF⍺/IFNγ significantly 

reduced the number of MEFs and ESC-FBs by ~60% and 80%, respectively, but it did 

not show additional cytotoxicity in TSCs and TSC-TBs when compared to treatment with 

TNFα or IFNγ alone (Fig.1A). Macrophages are a major type of innate immune cell 

capable of secreting a large amount of pro-inflammatory cytokines when stimulated with 

LPS, which mimics certain features of bacterial infection (34). We tested the responses of 

TSCs, TSC-TBs, and ESC-FBs to CM collected from LPS-activated RAW cells (LPS/CM), 

which contains various secreted inflammatory cytokines, including TNF⍺ as we previously 

reported (5). LPS/CM caused significantly higher cytotoxicity in ESC-FBs than in TSCs 

and TSC-TBs (Fig. 1B). TSCs are characterized by their small size and clonal growth 

Fendereski et al. Page 5

J Immunol. Author manuscript; available in PMC 2025 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.ncbi.nlm.nih.gov/geo/


while differentiated TSC-TBs have large-flattened cell bodies (Fig. 1C). We examined the 

effect of TNF⍺/IFNγ on morphology of TSCs, TSC-TBs, and MEFs. As shown in Fig. 

1C, TNF⍺/IFNγ treatment did not show significant effects on TSC or TSC-TB morphology 

or cell viability, but it caused cell death of many MEFs that eventually detached from the 

culture dish, similar to the effect of TNF⍺/IFNγ on ESC-FBs as we previously described 

(6). These results suggested that TSCs and TSC-TBs have higher tolerance to cytokine 

cytotoxicity than fibroblasts. The rest of our study focused on investigating the responses of 

TSCs and TSC-TBs to TNFα and IFNγ in comparison with MEFs or TSC-TBs.

TNF⍺ induced limited NFκB activation and inflammatory gene expression in TSCs and 
TSC-TBs

To determine cellular response to TNFα, we first analyzed TNFα-induced expression of 

ICAM1 and IL6, which are commonly used as indications of TNFα-induced inflammatory 

response (35,36). As shown in Fig. 2A, TNFα induced significantly increased ICAM1 and 

IL6 mRNA expression in MEFs (~5- and 8-fold, respectively), but its effects on TSCs 

and TSC-TBs were negligible. The lack of expression of the two genes was confirmed in 

TSCs and TSC-TBs that were treated for different time periods up to 48 h with a dose of 

TNF⍺ up to 100 ng/ml (data not shown). TNFα-induced genes are mainly regulated by the 

transcription factor NFκB. In resting cells, NFκB is retained in the cytoplasm by binding 

to inhibitor of NFκB protein (IκB). Upon cell activation, IκB is degraded and the freed 

NFκB is translocated to the nucleus where it activates transcription of target genes. These 

processes require phosphorylation of IκBα and the p65 subunit of NFκB. As shown in Fig. 

2B, phosphorylation of IκBα and p65 (detected by p-IκBα and p-p65, respectively) was 

detected during a time course with TNFα treatment from 15 min to 60 min in ESC-FBs. 

Specifically, IκBα was degraded at 15 min and 30 min (indicated by reduced band intensity) 

followed by a recovery at 60 min, and phosphorylation of IκBα and p65 increased at 

15 min and 30 min. However, these changes were not observed in TNFα−treated TSCs 

and TSC-TBs. To ascertain the effect of TNFα on NFκB activation, we further analyzed 

nuclear translocation of p65, which is another commonly used indicator of NFκB activation 

(37). In control cells, NFκB was mainly detected in the cytoplasm. TNFα treatment did 

not cause apparent change in TSCs, but it induced NFκB nuclear translocation in a few 

TSC-TBs (Fig. 2C). In MEFs, on the other hand, nearly all cells became NFκB nuclear 

positive in TNFα-treated cells (Fig. 2C). These results further confirm that NFκB is not or is 

minimally activated in TSCs and TSC-TBs, which could explain the lack of TNFα-induced 

transcription of Il6 and Icam1 (Fig.2A).

Comparative analysis of TNFα−induced gene expression in TSCs, TSC-TBs, and MEFs by 
RNA sequencing (RNA-seq)

To have a comprehensive analysis of TNFα-induced gene expression changes, we performed 

RNA-seq analysis of TSCs, TSC-TBs, and MEFs that were treated with TNFα for 12 h. As 

shown in Fig.3A, TNF⍺ induced a large number of differentially expressed DEGs in MEFs. 

However, the numbers of up- and down-regulated DEGs by TNFα and their magnitudes of 

responses in TSCs and TSC-TBs were substantially lower than in MEFs. We compared the 

relative expression levels of the key signaling molecules in the TNF⍺ pathway, including 

TNF receptors (Tnfrsf1a and Tnfrsf1b), the signal transducers/regulators (Bag4, Tradd, 
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Traf2, Mapk3k14, Ripk1, Ripk2, and Mlk1), and the signaling components of the NFκB 

branch (Ikbkb, Ikbke, Nfkb1, Nfkb2, RelA/p65, RelB, Nfkbia, and Usp4) (Fig. 3B). The 

expression level of TNF receptor 1 (TNFR1 encoded by Tnfrsf1a), the major receptor 

that mediates the effect of TNF⍺, is expressed at the lowest level in TSCs. Its expression 

level is notably increased in TSC-TBs but is still lower than in MEFs. On the other hand, 

Bag4, which encodes SODD, a major negative regulator of the TNF⍺ pathway (38), is 

expressed at a higher level in TSCs and TSC-TBs. Except for Nfkb2 and Ikbkb, all other 

signaling components in the NFκB pathways were expressed at substantially lower levels in 

TSCs and/or TSC-TBs than in MEFs (Fig. 3B). These results could, at least partly, explain 

attenuated activation of the NFκB pathway in TSCs and TSC-TBs by TNF⍺. This is further 

confirmed by the quantitative analysis of several genes commonly involved in inflammatory 

responses (Il1a, Icam1, Cxcl10, Nod2, and Tlr2), all of which were significantly upregulated 

by TNF⍺ in MEFs. Except for Icam1 mRNA, which was slightly upregulated in TSCs, 

TNF⍺ did not show apparent effects on all other genes tested in TSCs and TSC-TBs (Fig. 

3C). The results from RNA-seq are in line with the lack of Icam1 and Il6 mRNA induction 

determined by RT-qPCR (Fig. 2A). The expression levels of inflammatory genes in TSCs, 

TSC-TBs, and MEFs are well correlated with the levels of NFκB activation shown in Fig. 

2, i.e., NFκB is strongly activated in MEFs but minimally or not activated in TSCs and 

TSC-TBs. While TNFR1 along with several other signaling molecules are upregulated in 

TSC-TBs after differentiation from TSCs, NFκB activation was not significantly increased. 

It is likely that NFκB activation in TSC-TBs is restricted by other yet to be identified 

mechanisms.

IFNγ-induced responses in TSCs, TSC-TBs, MEFs, and ESC-FBs

IFNγ induces cellular responses mainly through its cell surface receptor complex that 

consists of IFNGR1 and IFNGR2. The receptor complex then activates tyrosine kinases 

JAK1 and JAK2, which in turn activate STAT1, leading to IFNγ-induced gene transcription. 

Irf1 is an early IFNγ response gene that activates the transcription of a large number of 

secondary response genes. STAT1 itself is also upregulated by IFNγ as a positive feedback 

regulatory mechanism (39,40). Using the induction of these two genes as an indicator of 

IFNγ-induced responses, we demonstrated that IFNγ could induce Stat1 and Irf1 mRNA in 

TSCs, TSC-TBs, MEFs, and ESC-FBs at different levels (Fig. 4A). IFNγ-induced STAT1 

was further demonstrated by Western-blot (Fig. 4B, IFN⍺- and IFNλ-induced STAT1 was 

also tested for comparison). Similarly, IFNγ-induced IRF1 protein was also readily detected 

in TSCs, TSC-TBs, and ESC-FBs by Western-blot (data not shown). Immunostaining 

analysis revealed that IFNγ-induced IRF1 was accumulated in the nuclei of TSCs and 

TSC-TBs, as expected for a transcription factor (Fig. 4C). It is noted that the data in 

Fig.4A are presented as the fold activation of STAT1 and IRF1. While these results clearly 

demonstrated the responsiveness of the cells to IFNγ, they did not reflect the relative 

expression levels of the two genes in the three cell types. Therefore, we analyzed the relative 

expression levels of STAT1 and IRF1 in the control cells and in IFNγ-treated MEFs, TSCs, 

and TSC-TBs using RNA-seq. As shown in Fig.4D, IFNγ could induce transcription of both 

STAT1 and IRF1 in TSCs and TSC-TBs, but the levels of their induction are much lower 

than in MEFs.
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We further analyzed IFNγ-induced gene expression profiles based on RNA-seq data. The 

numbers of up- and down-regulated DEGs and their magnitude of changes in MEFs are 

significantly higher than in TSCs and TSC-TBs (Fig. 5A). The relative expression levels of 

the key molecules in the IFNγ-pathway were illustrated in a heat map (Fig 5B), including 

cell-surface receptors (Ifngr1 and Ifngr2), signal transducers (Jak1, Jak2, and Stat1), and 

negative regulators (Socs1, Socs3, and Ptpn6). Among these genes, Ifngr1, Ifngr2, and Jak1 
were expressed at the lowest levels in TSCs. Their expression levels were slightly higher in 

TSC-TBs than in TSCs but were still much lower than in MEFs. Conversely, the negative 

regulator, Ptpn6, was expressed at higher levels in TSCs and TSC-TBs than in MEFs. It 

is also noted that both positive regulators (Jak2 and Stat1) and negative regulators (Socs1, 

Socs3, and Ptpn6) were upregulated in TSC-TBs after differentiation (Fig 5B). To further 

determine the cellular response levels to IFNγ, we quantitatively analyzed several common 

IFNγ-induced genes, including transcription factors (Stat1 and Irf8), antiviral/antimicrobial 

defense genes (Gbp7 and Nos2), and genes associated with major histocompatibility 

complex proteins (B2m and Tapbp). The results show a clear pattern that IFNγ induced 

the strongest responses in MEFs among the three cell types while the responses in TSC-TBs 

are slightly higher than in TSCs (Fig. 5C). These results correlate with the expression levels 

of signaling molecules (Fig. 5B) and the numbers and transcription levels of IFNγ-induced 

DEGs in the three cell types (Fig. 5A).

TNFα and IFNγ synergistically induce iNOS in MEFs and ESC-FBs but not in TSCs and 
TSC-TBs

It is known that TNFα and IFNγ synergistically induce certain genes with promoters that 

have binding sites for both NFκB and STAT1 (39,40). iNOS (encoded by Nos2) is one 

such gene that causes synergistic TNFα/IFNγ cytotoxicity in many cell types, including 

ESC-FBs as we recently reported (6). As shown in Fig.6A, Nos2 mRNA was induced ~10- 

and 50-fold by IFNγ alone in MEFs and ESC-FBs, respectively. The combination of the two 

cytokines (TNFα/IFNγ) caused ~70- and 400-fold increase of Nos2 mRNA in MEFs and 

ESC-FBs, respectively. The strong induction of iNOS protein by TNFα/IFNγ was readily 

detected by Western-blot analysis in ESC-FBs and MEFs, but not in TSCs and TSC-TBs 

(Fig.6B). The expression levels of iNOS correlate well with the cytotoxicity of TNFα/IFNγ 
as described in TSCs, TSC-TBs, MEFs, and ESC-FBs in Fig.1A. Furthermore, the mRNA 

levels of iNOS induced by TNFα, IFNγ, and TNFα/IFNγ determined from RNA-seq mirror 

the RT-qPCR results (Fig.6C). It is interesting that IFNγ could induce a slight increase of 

Nos2 mRNA in TSC-TBs, but TNFα, either alone or in combination with IFNγ, did not 

induce iNOS expression or cause additional effects on iNOS expression in both TSCs and 

TSC-TBs (Fig.6C). Apparently, the synergy between TNFα and IFNγ displayed in MEFs 

and ESC-FBs did not take place in TSCs and TSC-TBs in any of the above-mentioned 

experiments (Fig.1A and Fig.6A, B, and C). We further analyzed the baseline expression of 

IFNGR2 and TNFR1 by Western blot. The result showed their protein levels are lower in 

TSCs and TSC-TBs than in MEFs, which further explains the attenuated responses of TSCs 

and TSC-TBs to TNFα and IFNγ and the lack of synergy between the two cytokines in 

inducing iNOS in these cells.
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The lack of synergy between TNFα and IFNγ is common to all upregulated DEGs in TSCs 
and TSC-TBs

We further analyzed the commonly upregulated DEGs in TSCs, TSC-TBs, and MEFs 

treated with TNFα, IFNγ, and TNFα/IFNγ. RNA-seq data revealed that there are 1, 18, 

and 24 DEGs commonly upregulated by treatment with TNFα, IFNγ, and TNFα/IFNγ, 

respectively, in the three cell types. There were 890 upregulated DEGs in MEFs treated with 

TNFα/IFNγ, which was more than the sum of upregulated genes by TNFα and IFNγ alone 

(387 and 285, respectively), suggesting synergistic effects of the two cytokines. In contrast, 

the numbers of upregulated DEGs in TSCs and TSC-TBs receiving TNFα/IFNγ were rather 

similar to the number of DEGs upregulated by IFNγ alone (Fig.S1). In MEFs, most of the 

DEGs are expressed at higher levels in TNFα/IFNγ-treated cells than in the cells treated 

with TNFα or IFNγ alone (e.g., Il1rl1, Mmp3, Ccl2), representing the genes that were 

synergistically upregulated by TNFα and IFNγ. A few genes were expressed at similar 

levels in TNFα/IFNγ- and IFNγ-treated MEFs (e.g., Igtp and Gab7), which represent the 

genes that are induced by IFNγ alone. Analysis of commonly upregulated DEGs in TSCs 

and TSC-TBs revealed that all genes upregulated by TNFα/IFNγ and IFNγ alone were 

expressed at similar levels in TSCs and TSC-TBs, a similar pattern to iNOS described in 

Fig.6C. A simple interpretation would be that the synergistic action between TNFα and 

IFNγ in MEFs resulted in additional DEGs and that this phenomenon did not happen in 

TSCs and TSC-TBs.

Discussion

In a previous study, we demonstrated that TSCs and TSC-TBs have a functional IFN system 

that can produce IFNs and protect ESCs from viral infection (29). This finding suggests that 

the TE, as the precursor of the placenta, can provide antiviral protection to the early embryo 

even at the blastocyst stage. In this study, we extended our investigation to the responses 

of TSCs and TSC-TBs to inflammatory cytokines. Our findings demonstrate that TSCs 

and TSC-TBs have limited responses to TNFα and IFNγ, which may serve as a unique 

mechanism to limit cytotoxicity associated with inflammatory responses.

We previously reported that both human and mouse ESCs have attenuated responses 

to TNFα and IFNγ and can avoid the TNFα/IFNγ cytotoxicity that can kill naturally 

differentiated fibroblasts and ESC-FBs (4–6). The current study demonstrates that TSCs and 

TSC-TBs share this similarity with ESCs with similar underlying molecular mechanisms, 

including the low-level expression of cytokine receptors and some key signaling molecules 

and higher expression levels of negative regulators that mediate the effects of TNFα and 

IFNγ. Most of the signaling molecules in the TNFα and IFNγ pathways are notably 

upregulated in TSC-TBs at the mRNA levels after differentiation as indicated by RNA-seq 

data. However, these changes did not result in an apparent increase in cellular response 

of TSC-TBs to TNFα. Although TSC-TBs have notably increased responses to IFNγ in 

comparison with TSCs, their response levels are still significantly lower than in MEFs. It is 

interesting to note that the findings in TSC-TBs vs. TSCs are very different from those in 

ESC-FBs vs. ESCs, in which ESC-FBs gain increased responsiveness to TNFα and IFNγ 
and become highly susceptible to the cytotoxicity of TNFα/IFNγ after differentiation (5,6).
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The molecular mechanisms underlying the attenuated responses of TSCs and TSC-TBs 

to TNFα and IFNγ are not completely understood, but it is apparent that the restrictions 

are at multiple levels, including the expression levels of receptors, signaling molecules, 

and negative regulators. It is noted that the signaling pathway that mediates the effects of 

IFNγ is clearly functional in TSCs and TSC-TBs and showed much stronger response to 

IFNγ than ESCs (6). iNOS is a mediator of TNFα/IFNγ cytotoxicity. iNOS can produce 

a large amount of nitric oxide, which is an important immune defense molecule but also 

a free radical that can cause cellular damage (41,42). Synergistic induction of iNOS by 

TNFα/IFNγ depends on co-activation of NFκB and STAT1. Nevertheless, the synergistic 

action between NFκB and STAT1, which is essential for iNOS induction, does not occur 

in TSCs and TSC-TBs due to the lack of NFκB activation, thus preventing the cytotoxicity 

resulting from synergistic action of TNFα and IFNγ as observed in fibroblasts. The lack of 

iNOS induction from TNFα/IFNγ treatment in ESCs is attributed to inactivity of NFκB and 

STAT1, as we previously demonstrated (6). The data presented in this study also suggests 

that this is likely the case for TSCs and TSC-TBs.

The transcriptomic RNA-seq analysis provides a holistic view of TNFα-, IFNγ-, and 

TNFα/IFNγ-induced genes that further support our conclusions. As expected, a large 

number of the DEGs identified in MEFs are related to immune responses and signaling 

molecules that mediate antiviral and inflammatory responses. The genes in this category 

identified in TSCs and TSC-TBs are expressed at substantially lower levels than in 

MEFs under the same treatment conditions, confirming the overall lower level of immune 

responses in these cells. Furthermore, RNA-seq analysis revealed a large number of genes 

that are synergistically upregulated by TNFα/IFNγ in MEFs, including iNOS which we 

previously characterized in ESC-FBs (6) and now in this study. In TSCs and TSC-TBs, 

TNFα/IFNγ induced gene expression was basically attributed to the effect of IFNγ alone 

since TNFα did not cause additional effects as it did in MEFs. While the significance 

of low-level responses of TSCs and TSC-TBs to IFNγ remains to be investigated, it is 

tempting to speculate that IFNγ-induced defense genes could contribute to the innate 

immunity of these cells against microbial pathogens. It should be pointed out we did not 

analyze the DEGs other than those involved in the immune response induced by TNFα, 

IFNγ, or TNFα/IFNγ. Other DEGs in TSCs and TSC-TBs, although expressed at low 

levels, could be biologically significant in different ways such as those related to tissue 

invasion or vascular development (43,44) and will need further investigation with additional 

experimental approaches.

ESCs, TSCs, and TSC-TBs dramatically differ in their growth rate, morphology, and 

physiological functions. Nevertheless, they share a similarity in their ability to avoid the 

cytotoxicity of TNFα/IFNγ. While the physiological implications of this remain to be 

further elucidated, we propose that the attenuated response to TNFα/IFNγ in the TE may 

help to minimize inflammatory toxicity and makes the blastocyst “an immune-privileged 

structure.” In this way, the blastocyst can avoid immunological cytotoxicity associated 

with implantation and inflammatory conditions, which could be an adaptive feature for 

normal growth and development of an early embryo in an immunologically challenging 

environment.
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Key Points:

1. TSCs and TSC-TBs have attenuated responses to TNFα and IFNγ.

2. TSCs and TSC-TBs can avoid synergic cytotoxicity of TNFα and IFNγ.

3. An attenuated inflammatory response protects embryonic cells from cytokine 

toxicity.
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Fig. 1. TSCs and TSC-TBs are less sensitive to cytokine cytotoxicity than MEFs and ESC-FBs.
A, Cells were treated with TNF⍺, IFNγ, or TNF⍺/IFNγ. B, Cells were treated with 

conditioned medium from untreated RAW cells (Con/CM) or LPS-treated RAW cells (LPS/

CM). Cell viability in A and B was determined by toluidine blue staining of cells treated for 

48 h. Cell number in the control group (A, Con; B, Con/CM) was defined as 100%. Values 

are mean ± SD (n=3). P<0.0001, ****, P<0.001, ***; P<0.01, **; P<0.05, * compared with 

the control group. C, TSCs, TSC-TBs, and MEFs were treated with TNF⍺/IFNγ for 48 h. 

Cells were fixed and stained with toluidine blue and photographed under a phase contrast 

microscope (100x magnification). The square inset denotes an enlarged image of two dying 

MEFs that were about to detach from the culture dish.
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Fig. 2. TNF⍺-induced responses in TSCs, TSC-TBs, MEFs, and ESC-FBs.
A, Cells were treated with TNFα for 12 h. The mRNA levels of Icam1 and Il6 were 

determined by RT-qPCR. The values are mean ± SD (n=3). P<0.001, ***; P<0.01, ** 

compared with the control group. B, Western-blot analysis of the effects of TNFα on p-p65, 

p-IκBα, and IκBα. ACTIN was used as a loading control. C, Nuclear localization of NFκB. 

Cells were treated with TNF⍺ for 30 min or left untreated (Con). The cellular location 

of NFκB was determined with an antibody against the p65 subunit of NFκB and detected 

with FITC-conjugated secondary antibodies. Nuclei were stained with DAPI. DAPI/NFκB 

represents the merged image of NFκB and DAPI staining. Scale bar = 40 µm.
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Fig.3. TNF⍺-induced responses in MEFs, TSCs, and TSC-TBs determined from RNA-seq.
A, Volcano plot of DEGs in MEFs, TSCs, and TSC-TBs induced by TNF⍺. The X-axis 

represents the fold change in expression levels between TNF⍺-treated cells relative to 

control cells for each transcript in a log2 scale. The Y axis indicates the statistical 

significance expressed as −log10 (p value) from the simple comparison. Transcripts with 

a log2 difference ≥1 and with p≤0.05 were defined as DEGs. B, Heat map representation of 

relative expression levels of selected signaling molecules in the TNF⍺ pathway in MEFs, 

TSCs, and TSC-TBs. The color spectrum, ranging from red to green, indicates high to low 

normalized levels of expression of each gene. C. The expression levels of representative 

TNF⍺-induced genes. The values are mean ± SD (n=3) calculated from RNA-seq analysis 

(CPM).
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Fig.4. IFNγ-induced expression of STAT1 and IRF1.
A, Cells were treated with IFNγ for 12 h. The mRNA levels of Stat1 and Irf1 were 

determined by RT-qPCR in control cells (CON) and IFNγ treated cells (IFNγ). The values 

are mean ± SD (n=3). P<0.001, ***; P<0.05, * compared with control groups. B, Western-

blot analysis of STAT1 expression in the cells treated with IFNγ, IFNα, or IFNλ for 

24 h or untreated cells (Con). ACTIN was used as a loading control. C, IFNγ-induced 

IRF1 expression was detected in the nuclei by immunostaining with anti-IRF1 antibodies. 

Nuclei were stained with DAPI. IRF1/DAPI represents the merged image of IRF1 and DAPI 

staining. Scale bar = 40 µm. D. The relative expression levels of STAT1 and IRF1 in control 

(CON) and cells treated with IFNγ (IFNγ) for 12 h. The values are mean ± SD (n=3) 

calculated from RNA-seq analysis (CPM). P<0.001,***; P<0.01,** compared with MEFs in 

each group.
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Fig. 5. IFNγ responses in MEFs, TSCs, and TSC-TBs.
A, Volcano plot of DEGs in MEFs, TSCs, and TSC-TBs induced by IFNγ. The X-axis 

represents the fold change in expression levels between IFNγ-treated cells relative to 

control cells for each transcript in a log2 scale. The Y axis indicates the statistical 

significance expressed as −log10 (p value) from the simple comparison. Transcripts with 

a log2 difference ≥1 and with p≤0.05 were defined as DEGs. B, Heat map representation 

of relative expression levels of the key signaling molecules in the IFNγ signaling pathway 

in MEFs, TSCs, and TSC-TBs. The color spectrum, ranging from red to green, indicates 

high to low normalized levels of expression of each gene (n=3). C. The expression levels 

of representative IFNγ-induced genes were calculated from CPM determined from RNA-seq 

data. The values are mean ± SD (n=3).
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Fig.6. TNF⍺ and IFNγ synergistically induced iNOS expression in MEFs and ESC-FBs but not 
in TSCs and TSC-TBs.
A, Cells were treated with IFNγ or TNF⍺/FNγ for 12 h. The mRNA levels of Nos2 
were measured by qPCR. B, Cells were treated with indicated cytokines for 24 h. The 

protein levels of iNOS were determined by Western-blot analysis. ACTIN was used as a 

loading control. C, The expression levels of iNOS were determined from RNA-seq analysis 

(CPM). Values are mean ± SD (n=3). P<0.001,*** Compared groups are indicated by a 

horizontal bar. D, Western-blot analysis of TNFR1 and IFNGR2 expression in MEFs, TSCs, 

and TSC-TBs. ACTIN was used as a loading control. Western-blot analysis was performed 

two times using samples prepared from five independent experiments. The blots shown are 

representative of the two experiments with similar results.
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Table I.

PCR primers used in this study

Gene Sequence (forward) Sequence (reverse)

β-actin CATGTACGTAGCCATCCAGGC CTCTTTGATGTCACGCACGAT

ICAM1 GGCATTGTTCTCTAATGTCTCCG GCTCCAGGTATATCCGAGCTTC

IL6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC

NOS2 CAGCACAGGAAATGTTTCAGC TAGCCAGCGTACCGGATGA

STAT1 CTGCCTATGATGTCTCGTTT TGCTTTTCCGTATGTTGTGCT

IRF1 ATGCCAATCACTCGAATGCG TTGTATCGGCCTGTGTGAATG
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