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Recent studies have demonstrated that a particular group of nucleated cells that

exhibit erythroid markers (TER119 in mice and CD235a in humans) possess the

ability to suppress the immune system and promote tumor growth. These cells

are known as CD45+ erythroid progenitor cells (EPCs). According to our study, it

appears that a subset of these CD45+ EPCs originate from B lymphocytes. Under

conditions of hypoxia, mouse B lymphoma cells are capable of converting to

erythroblast-like cells, which display phenotypes of CD45+TER119+ cells,

including immunosuppressive effects on CD8 T cells. Furthermore, non-

neoplastic B cells have similar differentiation abilities and exert the same

immunosuppressive effect under anemia or tumor conditions in mice. Similar

B cells exist in neonatal mice, which provides an explanation for the potential

origin of immunosuppressive erythroid cells in newborns. Additionally,

CD19+CD235a+ double-positive cells can be identified in the peripheral blood

of patients with chronic lymphocytic leukemia. These findings indicate that some

CD45+ EPCs are transdifferentiated from a selective population of CD19+ B

lymphocytes in response to environmental stresses, highlighting the plasticity of

B lymphocytes. We anticipate a potential therapeutic implication, in that

targeting a specific set of B cells instead of erythroid cells should be expected

to restore adaptive immunity and delay cancer progression.
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Introduction

A vast range of somatic cells are capable of being re-programmed. Fibroblasts, for

example, can be transformed into pluripotent stem cells (1–3), while myeloid and

lymphoid cells can be re-educated to become myeloid-derived suppressor cells (MDSCs)

(4–8), regulatory B cells (Bregs) (9–11), and regulatory T cells (Tregs) (12–14). C/EBPa
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1202943/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1202943/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1202943/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1202943&domain=pdf&date_stamp=2023-07-21
mailto:dnyu@yzu.edu.cn
https://doi.org/10.3389/fimmu.2023.1202943
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1202943
https://www.frontiersin.org/journals/immunology


Yang et al. 10.3389/fimmu.2023.1202943
regulates the differentiation of B cells toward macrophages (15–18),

and Hoxb5 transdifferentiates B cell progenitor cells (pro/pre-B)

into T cells (19). B-cell lymphoma and myeloid cells can switch

their identities (20). The differentiation of B lymphoma cells into

histiocytic tumor cells and CD19+ pro-B cells into dendritic cells

has also been observed (21). Compared to fibroblasts, which

requires artificial modification to achieve transdifferentiation, B

cells appear to have higher differentiation plasticity and

spontaneous transdifferentiation appears to be possible.

Immunosuppressive erythroid cells are abundant in the spleens

of neonatal mice and the umbilical cord blood of humans (22, 23).

In addition to newborns, these CD71+ erythroid cells, with an

immunosuppressive function, also exist in adults (24). In advanced

tumors, cell types that exhibit an immunosuppressive phenotype

(CD45+CD71+TER119+) and cells that exert regulatory effects on

distal tumors (CD45-CD71+TER119+) have also been discovered

(25, 26). These unconventional erythroid cells, which are identified

by the presence of the erythroid marker TER119 in mice or CD235a

in humans, have also been linked to the development of immune

deficiency (27), feto-maternal tolerance, and infectious diseases

(28). However, there has been no report showing that these

erythroid cells with immune regulatory functions are derived

from hematopoietic stem cells. Therefore, the origin of these

immunosuppressive erythroid cells remains unknown.

Through induction of hypoxia, it is possible for non-erythroid

cells, such as fibroblasts and cancer cells, to express the proteins

associated with red blood cells (RBCs) (29, 30). This finding

indicates that the RBC-related markers (especially TER119 or

CD235a) are likely to appear on non-erythroid cells under certain

physiological or pathological conditions. Here, we demonstrate that

cells identified as CD45+ EPCs may not consist exclusively of

erythroblasts, but rather that some may be cells that have

undergone differentiation from B lymphocytes.
Materials and methods

Cell lines and cell culture

A murine P53ER1 (ER1) cell line was established by culturing B

lymphoma cells (31) on a monolayer of murine bone marrow-derived

and mitomycin-treated S17 stromal cells (32). Cells were maintained

in RPMI 1640 supplemented with 10% fetal bovine serum (FBS,

HyClone) and 100 mM interleukin-7 (IL7, R&D Systems, Cat. No.

407-ML) at 37°C in a humidified incubator with 5% CO2. A short-

term culture of primary B lymphocytes from mouse spleen and bone

marrow was also maintained on an S17 feeder layer in RPMI 1640

medium with 10% FBS and IL7. Madin-Darby canine kidney

(MDCK) and African green monkey kidney (Vero E6) cells were

cultured in DMEM with 10% FBS. B16F10 melanoma cells (B16F10)

and Lewis lung carcinoma (LLC) cells were obtained from the

American Type Culture Collection (ATCC) and cultured in

DMEM/H (HyClone) containing 10% FBS and 1% penicillin/
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streptomycin (Beyotime Biotechnology). Cell lines were routinely

validated and were free of mycoplasma contamination.
Flow cytometry and antibodies

Antibody staining was performed in PBS containing 2% BSA or

FBS. Data were collected using a FACSCanto system (BD

Bioscience) and analyzed with FlowJo software (TreeStar). The

following fluorescence-conjugated antibodies were used: anti-

B220 (BD Biosciences, Cat. No. 553092), anti-CD19 (Biolegend,

Cat. No. 115506), anti-CD45 (Biolegend, Cat. No. 103108), anti-

TER119 (BD Biosciences, Cat. No. 557909), anti-TER119 (Thermo

Fisher, Cat. No. MA5-17821), anti-CD71 (BD Biosciences, Cat. No.

553267), anti-CD8 (Biolegend, Cat. No. 10072), anti-CD44

(eBioscience, REF. 12-0441-83), anti-PD-1 (RMP1-30)

(eBioscience, REF. 11-9981-81), anti-CD45.1 (Thermo, Cat. No.

12-0453-82), anti-CD45.2 (BD Pharmingen, Cat. No. 560696), anti-

CD235a (BD Pharmingen, Cat. No. 551336), anti-CD45 (BD

Pharmingen, Cat. No. 555483), and anti-CD19 (BD Pharmingen,

Cat. No. 555412). ROS production was measured by labeling cells

with 2’ and 7’-dichlorofluorescin diacetates (H2DCFDA,

MedChemExpress, Cat. No. HY-D0940). Mouse CD3 epsilon

antibody (R&D, Cat. No. MAB484-SP) and mouse CD28

antibody (R&D, Cat. No. MAB4832-SP) were used to stimulate

CD8+ cell proliferation in vitro.
Polymerase chain reaction

Variable (V), diversity (D) and joining (J) (VDJ) rearrangement

of mouse B lymphocytes was measured by genomic DNA PCR

under the following conditions, as previously published (33):

denaturation at 95°C for 30 seconds, annealing at 62°C for 45

seconds, and extension at 72°C for 60 seconds. All reactions were

carried out for 35 cycles with 5-minute initial denaturing and 10-

minute final extension. PCR analysis for gag-myc sequence was also

performed using genomic DNA. Primers used for human VDJ

rearrangement were FR3A, LJH, and VLJH, as previously described

(33). For nested PCR, primers FR3A and LJH were used for the first

round of PCR, and FR3A and VLJH for the second round.

Reactions were pre-denatured at 94°C for 6 min, followed by 40

cycles of denaturation at 94°C for 1 min, annealing at 55°C for

1 min, and extension at 72°C for 1 min, with final extension at 72°C

for 10 min. All primers used for DNA PCR are listed in

Supplementary Table 1.
Quantitative real time PCR

Total RNA was extracted with TRIzol (Invitrogen, Cat. No.

15596026) and 1 mg total RNA was used for first-strand cDNA

synthesis. qRT-PCR was performed on a 7500 Fast Real-Time PCR
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System (Applied Biosystems). Primers used for PCR analysis are

listed in Supplementary Table 1.
Western blot

Whole-cell protein lysates were prepared using lysis buffer with

1:500 protease inhibitor mixture (Sigma-Aldrich). Proteins were

separated on 10% SDS-PAGE gel, transferred to polyvinylidene

fluoride membranes, and blotted with the primary antibodies

followed by secondary antibodies. Protein blots were visualized

using SuperSignal West Femto Maximum Sensitivity Substrate

(Thermo, Cat. No. 34095) as directed by the manufacturer. Anti-

artemin antibody and anti-HIF1a antibody were purchased from

Abcam (Cat. No. ab178434) and Absin (Cat. No. abs130612),

respectively. Anti-b-actin monoclonal antibody (Absin, Cat. No.

abs149632) was used as an internal control.
Immunochemical staining

Sorted CD45+CD19+TER119+ cells were immunocytochemically

stained using rat anti-mouse TER119 antibody (BD Biosciences, Cat.

No. 557909) followed by labeling with goat anti-rat IgG (H+L). Cells

were counterstained with hematoxylin. For immunofluorescence

staining, the sorted cells were cytospun onto glass slides, fixed with

4% paraformaldehyde, and blocked with PBS containing 3% FBS and

0.5% Tween 20. Primary antibodies were incubated at room

temperature for 1 h. DAPI was used to stain nuclei. Cells were

observed under a confocal microscope (Leica, TCS SP8 STED).
Fluorescence in situ hybridization

A Y chromosome marker gene (Sry) was probed using Cy3-

labeled Sry probes (RiboBio™, Fluorescence In Situ Hybridization

Kit, Cat. No. C10910). Cells on slides were denatured in 70%

formamide/2× SSC (1× SSC is 0.15M NaCl/0.015M sodium citrate,

pH 7) at 70°C for 3 min and dehydrated in ethanol. Subsequently,

10 mL hybridizationmixture containing 40 ng probes and 0.5 mg yeast
genomic DNA (as blocking) was denatured for 5 min at 70°C and

reannealed for 45–60 min at 42°C. Hybridization was carried out

overnight at 42°C in a moist chamber. Samples were observed via

confocal microscopy (Leica, TCS SP8 STED).
Cell isolation and sorting

Micro-magnetic beads for sorting of mouse and human cells

were purchased from Miltenyi Biotec. Cell sorting was performed

according to the manufacturer’s instructions. The micro-magnetic

beads used included mouse CD8 (TIL) (Cat. No. 130-116-478),

mouse CD19 (Cat. No. 130-121-301), mouse Ter-119 (Cat. No. 130-

049-901), and human CD19 (Cat. No.130-050-301) MicroBeads. LS

separation columns were also purchased from Miltenyi (Cat. No.

130-042-401). To enrich CD8+ T cells, C57BL6 mice were
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stimulated with LCMV-Cl13 (2×106 PFU per mouse) and CD8+

T cells from spleens were purified using CD8a T cell magnetic beads

(Miltenyi Biotec) or a FACSAriaII sorter (BD Biosciences). Briefly,

mice were infected with LCMV-Cl13 virus and CD8+ cells were

isolated using a CD8a+ T cell isolation kit according to the

manufacturer’s instructions. Purified T cells were further stained

with CD44, PD-1, and CD45.2 antibodies and sorted using a flow

cytometer to obtain CD8+CD44hiPD-1hiCD45.2+ T cells for in vivo

and ex vivo killing assays. To isolate peripheral blood mononuclear

cells (PBMCs), 60% Percoll (Absin, Cat. No. abs9417) working

solution with an equal volume of blood was mixed and centrifuged

at 800g for 30 min. The middle layer of cells containing PBMCs was

carefully collected and washed with PBS.
In vitro induction of TER cells from
CD19+ B lymphocytes

CD19+ B lymphocytes derived from mouse bone marrow were

cultured in medium containing CoCl2 (100 mM) and IL6 (200 ng/

ml) (Absin, Cat. No. abs04084). Cells were analyzed via

flow cytometry.
Animal models

Mice with severe combined immunodeficiency (SCID) used in

the in vivo T cell killing effect assay were housed in SPF flow

cabinets. To induce acute anemia, C57BL6/J mice (CD45.2) were

injected intraperitoneally (i.p.) with 5FU (MedChemExpress, Cat.

No. HY-90006) at a dose of 70 mg/kg mouse weight. To establish

xenograft tumor models, 1×106 LLCs or 5×105 B16F10 cells were

resuspended in 150 ml PBS and subcutaneously injected into the

right flank of C57BL/6 mice. Tumor-bearing mice were infected

with pathogens at different time points after tumor cell injection.

The acute hemolytic anemia model was constructed by

intraperitoneal injection of phenylhydrazine (PHZ) (Merck, Cat.

No. 114715-5G) at a dose of 50 mg/kg. SJL mice (CD45.1) were used

to sort CD19+ B cells for adoptive transplantation. All animal

experiments were performed using protocols approved by the

Animal Care and Use Committee of the Yangzhou University

Medical College.
RNA sequencing

Total RNAs from ER1 (CD45+TER119+CD19-, hereafter BL1-

TER119), ER1 (CD45+TER119-CD19-), and ER1 (CD45+TER119-

CD19+, hereafter BL1-CD19) cells were extracted using TRIzol

reagent. The RNA-Seq library was constructed according to the

strand-specific RNA sequencing library preparation protocol and

sequenced on an Illumina HiSeq 2000. The full RNA-Seq datasets

were uploaded to the Gene Expression Omnibus (GEO) database

(accession code: GSE201915). Total RNAs from CD45+ TER cells in

neonatal mouse spleens, erythroblasts from 14.5-day fetal livers,

and CD19+ B lymphocytes from adult mouse spleens were extracted
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for RNA-Seq. These datasets were also deposited in the GEO

database under accession number GSE201937. The differentially

expressed genes were matched to Gene Set Enrichment Analysis

(GSEA)-Gene Oncology (GO) datasets (34). The GO terms with

adjusted p < 0.05 were regarded as significantly enriched.
Virus titration

The LCMV-Armstrong clone 13 (Cl13) strain was provided by Dr.

Ye at the Third Military Medical University of China. For

quantification of LCMV-Cl13 loads, the lysate volume of LCMV-

Cl13-infected Vero cells was measured. Total RNA was extracted from

the lysate and subjected to reverse transcription using the PrimeScript

RT Master Mix kit (Takara, Cat. No. RR036A). LCMV-specific primer

(GP-R: GCAACTGCTGTGTTCCCGAAAC) was used for first-strand

cDNA synthesis. qRT-PCR with LCMV glycoprotein-specific primers

(GP-F: CATTCACCTGGACTTTGTCAGACTC and GP-R:

GCAACTGCTGTGTTCCCGAAAC) were used to evaluate viral

loads in Vero cells. The Cq (quantification cycle) value for LCMV-

Armstrong RNA that had been previously titrated by plaque assay was

used to generate a standard curve. The PFU of LCMV-Cl13 in

Vero cell lysates was calculated according to the following formula:

lg (PFU) = slop*Cq + y-intercept; and the titration was calculated as

PFU/ml = lg (PFU)/lysate volume.
Animal adoptive transplantation assay

CD45.1 B lymphocytes from male SJL mouse bone marrow

were isolated using CD19 MicroBeads (Miltenyi Biotec, Cat. No.

130-121-301) and were injected into CD45.2 mice (C57BL6/J)

through the retro-orbital sinus. Five days after transplantation,

transdifferentiated cells were examined via flow cytometry.
In vivo killing assay

The in vivo killing assay was performed as previously described

(35, 36). Briefly, the spleen mononuclear cells encapsulated by

LCMV gp33 (Absin, Cat. No. abs45152613) were used as target

cells. The gp33-coated splenic cells were stained with 2.5 mM
carboxyfluorescein succinimidyl ester (CFSE, MedChemExpress,

Cat. No. HY-D0938), and the uncoated spleen mononuclear cells

were stained with 0.25 mM CFSE as a control. TER cells (BL1-

TER119 cells or CD45+CD19+TER119+ cells) and their control cells

(BL1-CD19 cells or CD19+ B lymphocytes) were mixed with

LCMV-Cl13-stimulated CD8+CD44hiPD-1hi T cells and LCMV

gp33-coated target cells, and these were co-injected intravenously

into male SCID mice or C57BL6 mice. After 24 hours, the recipient

mice were euthanized and the spleens removed for examination of

the lysis effect of CD8+ T cells on target cells. Killing percentage (%)

was calculated using following formula: 100 - [100 × (% CFSEhigh

immunized mouse/% CFSElow immunized mouse)/(% CFSEhigh

naive mouse/% CFSElow naive mouse). The CFSEhigh cells were

spleen mononuclear cells stained with a high concentration of CFSE
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(2.5 mM) and the CFSElow cells were those stained with low

concentration of CFSE (0.25 mM). Unless otherwise specified, the

ratio of test cells (TER cells) to CD8+ T cells was 2:1.
Ex vivo killing assay

The ex vivo killing assay was performed as previously described

(35, 36). Peptide-pulsed target cells were mixed with sorted CD8+ T

cells at a ratio of 2:1 and co-cultured for 6 hours. CFSE staining was

conducted in a similar manner as for in vivo assay. Killing

percentage (%) = 100 - [100 × (% CFSEhigh immunized mouse/%

CFSElow immunized mouse)/(% CFSEhigh naive mouse/% CFSElow

naive mouse)]. The CFSEhigh cells were stained with 2.5 mM CFSE

and the CFSElow cells were stained with a low concentration of

CFSE (0.25 mM).
T cell proliferation assay

The T cell proliferation assay was performed as previously

described (37). First, 24-well plates were coated with monoclonal

antibody against CD3. T cell proliferation was analyzed by labeling

T cells with CFSE at a concentration of 5 mM according to the

manufacturer’s instructions. Briefly, cells were resuspended in

warm PBS containing 5 mM CFSE and incubated at 37°C for

10 min. CFSE-labeled mouse or human PBMCs were added to

the plates along with test cells and anti-CD3 antibody for co-

stimulation. In ROS elimination experiments, the ER1 (TER119+)

cells and the CD45+CD19+TER119+ TER cells were treated with 300

mM apocynin (49-hydroxy-39-methoxyacetophenone,

MedChemExpress, Cat. No. HY-N0088) for 30 min in order to

inhibit the activity of NADPH oxidase. For all experiments, cells

were analyzed via flow cytometry 72 h after culturing. The anti-CD3

and anti-CD28 antibodies were used to co-stimulate CD8+ T cells.
Human sample collection and processing

Peripheral blood was collected from cancer patients.

Experiments were approved by the Ethic Committees of the

Institutional Review Board of the Jiangsu Subei People’s Hospital.

Written statements of informed consent were provided by all the

participants before sample collection. Mononuclear cells were

freshly isolated after lysis of RBCs.
Statistical analysis

Statistical analysis was conducted using Prism 7.0 (GraphPad).

Results are reported in the form mean ± standard deviation (SD).

Two-tailed Student’s t-tests were conducted to calculate P values. In

all experiments, no data points or animals were excluded from

statistical analysis. In comparisons, p < 0.05 was considered to

indicate statistically different values and p < 0.01 to indicate

significantly different values.
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Results

Mouse B lymphoma cells transdifferentiate
into CD45+ erythroblast-like cells

We have previously demonstrated transdifferentiation between B

lymphoid cells and myeloid cells (20). Upon observing a Myc-

induced and p53-inducible B lymphoma cell line BL1 that we

established (Supplementary Figure 1A), we noted that the cells that

were initially in suspension spontaneously adhered to the culture dish

as the cell density increased. Flow cytometry analysis revealed that the

adherent cells lacked B-cell marker CD19, while a proportion of these

cells exhibited expression of TER119, an erythroid cell-specific

marker. After sorting, the cells that expressed TER119 were given

the name BL1-TER119 while the B lymphoma cells that were still

CD19-positive were named BL1-CD19 (Figure 1A). BL1-TER119

cells exhibited comparable surface marker traits to CD45+ EPCs

(CD45+TER119+) (Figure 1B; Supplementary Figure 1B). Compared

to the original BL1-CD19 cells, BL1-TER119 cells are larger and

contain more cytoplasm (Figure 1C). Additionally, these cells still

retain the gag-myc and VJ558-JH4 rearrangement (Supplementary

Figure 1C), confirming their B-lymphoid tumor origin. To examine

the difference between BL1-TER119 cells and the original BL1-CD19

cells, we performed transcriptome sequencing. Gene set enrichment

analysis (GSEA) suggested that BL1-TER119 cells acquire distinct

immunological characteristics compared to BL1-CD19 cells

(Supplementary Figure 1D). For instance, the mRNAs of two

immunosuppressive genes, NOX2 (38) and Arg2 (39, 40), were

highly expressed in BL1-TER119 cells compared to BL1-CD19 cells

(Supplementary Figure 1E).

Immunosuppressive CD45+ EPCs share a common trait with

other immunosuppressive myeloid cells: the production of excessive

reactive oxygen species (ROS). This was confirmed by our RNA-

sequencing data, which revealed significant enrichment of ROS

biosynthetic processes in BL1-TER119 compared to BL1-CD19

(Figures 1D–F). Hydrogen peroxide (H2O2) elevated ROS levels

and effectively stimulated production of hemoglobin in BL1-

TER119 cells (Supplementary Figure 1F). Furthermore, hypoxia-

inducible factor 1 (HIF-1) signaling was enriched in BL1-TER119

cells (Figure 1G), suggesting that hypoxia may be a factor that leads

to transdifferentiation. To test this hypothesis, BL1-CD19 cells were

treated with cobalt chloride (CoCl2), a compound that induces

hypoxia (41). CoCl2 treatment resulted in high expression of HIF1a
protein (Supplementary Figure 1G), higher intracellular ROS levels,

and a surprising TER119 induction in BL1-CD19 cells (Figures 1H–

J; Supplementary Figure 1H). CoCl2 treatment of BL1-CD19 cells

(BL1-CD19 trans) led to a much lower rate of proliferation of CD8+

T cells in a co-culture system, and a similar phenotype of BL1-

TER119 cells (Figure 1K). In contrast, treatment of BL1-TER119

cells with Lw6, an HIF1a inhibitor, for 48 hours significantly

decreased TER119 expression, with a reduced ROS level in cells

(Supplementary Figures 1I–K, 2A-C).

To assess the effect of BL1-TER119 cells on T cell functions, we

infected C57/BL6 mice with lymphocytic choriomeningitis virus

clone 13 (LCMV-13) to enrich CD8+ T lymphocytes. Co-culture
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experiments indicated that BL1-TER119 cells possessed the ability

to impede the efficacy of CD8+ T cells (Figure 1L). In vivo killing

analysis demonstrated a substantial reduction of peptide-coated

splenocytes in the BL1-TER119 group, whereas BL1-CD19 cells

failed to inhibit the killing of peptide-coated splenocytes by T cells

(Figure 1M). To further confirm the role of ROS in the transition

between BL1-CD19 and BL1-TER119 cells, BL1-TER119 cells were

treated with the ROS inhibitor (ROSi) apocynin (APO). The

inclusion of APO successfully mitigated the suppressive impact of

BL1-TER119 cells on the proliferation of CD8+ T cells (Figure 1N;

Supplementary Figure 2D). In vivo T cell killing experiments

verified that ROS serves as the primary factor in suppression of

the immune response for BL1-TER119 cells (Figure 1O).

Interestingly, PCR analysis demonstrated that BL1-TER119 cells

acquired TER119 expression but failed to express erythroid genes,

including Hbb-b1, Ank1, Gypa, Alas2, Epb4.9, EpoR, and Gata1

(Supplementary Figure 2E), indicating that these cells are not

necessarily erythroid cells. Additionally, Myc5, a mouse B

lymphoma-derived cell line that we established, also expressed

TER119, while murine B lymphoma cell lines 38B9 and A20

exhibited absence of TER119 (Supplementary Figure 2F). These

results indicate that the induction of immunosuppressive TER cell-

like cells from mouse B lymphoma cells is strongly influenced by

ROS or affected by stimulation with hypoxic conditions. Taken

together, these findings provide evidence that CD19+/B220+ mouse

B lymphoma cells can undergo spontaneous differentiation into

immunosuppressive CD45+ EPC-like cells.
Induction of non-cancerous murine
B lymphocytes into CD45+

erythroblast-like cells

To explore whether non-cancerous B lymphocytes possess the

ability to transdifferentiate into CD45+ EPC-like cells, we conducted

a bioinformatics analysis of the documented sequencing data from

CD45+ EPCs (accession code: GSE106384), which have been found

to possess immunosuppressive capabilities (25), and CD45-negative

TER cells (CD45-TER) (accession code: GSE109429), which govern

the metastasis of tumors (26). Transcriptome analysis indicated that

CD45+ EPCs and CD45-TER cells exhibited a strong tendency to be

B lymphocyte-derived (Supplementary Figures 3–5).

It has been shown that immunosuppressive erythroid cells often

appear with the occurrence of anemia (25). Anemia is a common

condition among cancer patients, with some such cases being

caused by chemotherapy (42, 43). To investigate the possibility of

the transdifferentiation of non-cancerous B cells into CD45+ EPCs,

we utilized 5-fluorouracil (5FU), a chemotherapeutic drug, to

induce acute anemia in mice. Using 5Fu-mediated anemic mice

(CD45.2 C57/BL6 female mice) as B cell transplantation recipients,

we injected B lymphocytes from CD45.1 male mice into anemic

CD45.2 female mice (Figure 2A) and observed significant

enrichment of CD45+TER119+ cells in the spleen of anemic mice

(Figure 2B; Supplementary Figure 6A). The VDJ rearrangement of

these cells was similar to that of B cells (Supplementary Figure 6B).
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FIGURE 1

Mouse B lymphoma cells transdifferentiate into CD45+ TER cells. (A) Flow cytometry showing B cell lineage markers CD19/B220 and erythroid
differentiation markers TER119/CD71 on BL1-CD19 and BL1-TER119 cells. Anti-B220-APC, anti-CD19-PE, anti-TER119-APC, and anti-CD71-PE
antibodies were used. (B) Flow cytometric analysis of CD45 and TER119 on BL1-TER119 cells. Anti-CD45-FITC and anti-TER119-APC antibodies were
used. (C) Morphological observation (1000×) of BL1-CD19 cells and BL1-TER119 cells stained with Wright-Giemsa. (D) Pathway enrichment analysis
performed via gene set enrichment analysis (GSEA). Significantly enriched items (nominal P<0.05) in BL1-TER119 cells compared with BL1-CD19
cells. (E) Enrichment plot of the ROS biosynthetic process: comparison between BL1-TER119 cells and BL1-CD19 cells. (F) Intracellular ROS
production in BL1-TER119 and BL1-CD19 cells as quantified by flow cytometry. (G) Enrichment plot of the HIF-1 signaling pathway: comparison
between BL1-TER119 cells and BL1-CD19 cells. (H) ROS production in CoCl2-induced and -uninduced BL1-CD19 cells as quantified by flow
cytometry. (I) Flow cytometric analysis of TER119 in CoCl2-induced BL1-CD19 and CoCl2-uninduced BL1-CD19 cells. BL1-CD19 cells were stressed
by CoCl2 at a concentration of 50 mM for 5 days. Uninduced BL1-CD19 cells were used as a negative control. (J) Quantitative analysis of TER119 on
CoCl2-induced and -uninduced BL1-CD19 cells under flow cytometry (n=5). (K) The proliferative capacity of CFSE-labeled CD8+ T cells in response
to anti-CD3 and anti-CD28, analyzed after co-culture with BL1-CD19, BL1-TER119, or BL1-CD19trans (CoCl2-induced BL1-CD19) cells. (L) The
inhibitory effect of BL1-TER119 compared to BL1-CD19 cells on CD8+ T cell killing efficiency, detected in vitro by co-culturing the BL1 cells with
sorted CD8+ T cells (sorted from LCMV-C13-infected C57BL6 mice) and evaluating the ex vivo T cell killing efficiency after 6 hours (n=5). C57BL6
mouse splenocytes coated with GP33 were used as target cells. (M) The inhibitory effect of BL1-TER119 compared to BL1-CD19 cells on CD8+ T cell
killing efficiency, detected in vivo by co-injecting BL1 cells with sorted CD8+ T cells (from LCMV-C13-infected C57BL6 mice) and evaluating the in
vivo T cell killing efficiency after 24 hours (n=5). (N) The inhibitory effect of BL1-TER119 compared to BL1-CD19 cells on CD8+ T cell proliferation,
analyzed in vitro by co-culturing CFSE-labeled CD8+ T cells with BL1 cells at a ratio of 2:1 (BL1:CD8+ T) (n=5). CD8+ T cell proliferation was then
evaluated in the presence or absence of APO (ROSi), an NADPH oxidase inhibitor that blocks ROS production, at a concentration of 300 nM. (O).
Schematic diagram and the results of an in vivo assay quantifying the effect of ROS inhibitor (ROSi) on the immunosuppressive function of BL1-
TER119 cells. The in vivo killing assay quantifies the ability of CD8+ T cells isolated from the LCMV-13-stimulated mice to kill GP33-pulsed
splenocytes in vivo. n=5 mice per group; **P<0.01 (t-test).
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FIGURE 2

Induction of non-cancerous murine B lymphocytes into CD45+ erythroblast-like cells. (A) A schematic diagram showing B lymphocyte
transdifferentiation into CD45+ EPCs in an anemic mouse model. Bone marrow B lymphocytes from CD45.1 male mice (SJL) were used for cell
transplantation. CD45.2 female mice (C57BL6) were used for establishment of 5FU-mediated anemia and as receivers of B cells from CD45.1 male
mice. (B) Detection flow cytometry of splenic CD45+ EPCs in anemic mice and anemic mice with B cell transplantation. Note: CD45+ EPCs were
enriched in the spleens of anemic CD45.2 female mice. (C) Confocal microscopy showing purified CD45+ EPCs from the anemic CD45.2 female
mouse spleen (with transplanted B cells). The cells from anemic mice were sorted by mouse CD45.1 and TER119 antibodies, and the CD45+ EPCs
derived from B cells were detected via FISH with a probe against the male marker gene Sry. (D) Morphology of splenic B lymphocytes (CD19+ B
lymphocytes from a healthy C57BL6 mouse) and CD45+ EPCs (CD45+TER119+) from an anemic C57BL6 mouse with magnification 1000×.
(E) In vitro induction of TER119 expression in non-cancerous CD19+ B lymphocytes from mouse spleen by exposure to CoCl2 and IL6 at a
concentration of 100 mM and 200 ng/ml, respectively. (F) Wright-Giemsa staining showing the morphology of CD19+ B lymphocytes and CD19+ B
lymphocytes treated with CoCl2 (100 mM) and IL6 (200 ng/ml) in vitro. Magnification 1000×. (G) qRT-PCR showing the intracellular ROS-related
genes Nox2 and Arg2 in normal B lymphocytes (control) and CoCl2/IL6-induced B lymphocytes (CD45+ TER119+) (n=3). (H) Inhibition of CD8+ T cell
proliferation by CD45+ EPCs (CD45+TER119+CD71+ cells), B lymphocytes (CD19+ B cells), or B lymphocytestrans (CoCl2/IL6-induced B lymphocytes).
The proliferative capacity of CFSE-labeled CD8+ T cells in response to anti-CD3 and anti-CD28 was analyzed after co-culture with CD45+ EPCs, B
lymphocytes, or B lymphocytestrans at ratio of 1:2 (CD8+ T cells: tested cells) (n=5). (I) Inhibition of CD8+ T cell killing efficiency ex vivo by B
lymphocytes or B lymphocytestrans (CoCl2/IL6-induced B lymphocytes). B lymphocytes or B lymohocytestrans were co-cultured with sorted CD8+ T
cells (sorted from LCMV-C13 infected C57BL6 mice) and ex vivo T cell killing efficiency was determined after 6 hours (n=5). C57BL6 mouse
splenocytes coated with GP33 were used as target cells. (J) Inhibition of CD8+ T cell killing efficiency in vivo by B lymphocytes or B lymphocytestrans

(CoCl2/IL6-induced B lymphocytes). B lymphocytes or B lymohocytestrans were co-injected with sorted CD8+ T cells (sorted from LCMV-C13
infected C57BL6 mouse) and in vivo T cell killing efficiency was determined after 24 hours (n=5). C57BL6 mouse splenocytes coated with GP33 were
used as target cells. The symbols ** means p<0.01.
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The cells were sorted based on CD45.1. In situ hybridization with a

probe detecting Sry mRNA, a male gene product (44), together with

TER119 staining revealed that the B lymphocytes transplanted from

male mice underwent significant phenotypic modifications in

anemic female mice (Figure 2C). Wright-Giemsa staining

revealed the dissimilarity in morphology between CD45+TER119+

cells and B cells (Figure 2D).

Notably, B cells from anemic mice tend to transdifferentiate

more readily when exposed to hypoxia, whereas B cells from normal

mice fail to differentiate under similar hypoxic conditions (data not

shown). These results suggest that there must be other inducing

factors that cause the transdifferentiation of B cells in vivo. Serum

constituent analysis revealed that the anemic cohort displayed a

relatively high level of IL6 (Supplementary Figure 6C). This result

indicates that the induction of CD45+ EPCs from B cells in anemic

mice may also be related to infection. We therefore augmented IL6

in B cell culture and observed the transdifferentiation of B cells into

CD45+TER119+ cells (Figure 2E), although no apparent

morphological change occurred (Figure 2F). Moreover, the

expression of NOX2 and Arg2, both of which are associated with

ROS generation and activity, was upregulated in these cells

(Figure 2G). The CD45+TER119+ cells derived from normal B

cells possessed the ability to impede T cell proliferation and

suppressed the killing efficiency of CD8+ T cells (Figures 2H–J;

Supplementary Figures 6D, E). All these results confirm that

immunosuppressive TER119-positive cells can be derived from

normal B cells.
Identification of immunosuppressive
erythroblast-like cells from B cells in
tumor-bearing and neonatal mice

CD45+ EPCs exist in tumor-bearing and neonatal mice (22, 25).

Consistent with these findings, we detected CD45+ EPCs in the

spleens of mice transplanted with lung carcinoma and melanoma

cells (Figure 3A), and a subset of CD45+ cells expressed both CD19

and TER119 markers (Figure 3B). The CD45+CD19+TER119+ cells

from the spleens of tumor-bearing mice and B lymphocytes from

normal mice differed in morphology (Figure 3C; the ratio of CD19+

CD45+, CD19-CD45+, and CD19-CD45- cells in each group is

shown in Supplementary Figures 7A, B). The immunosuppressive

function of these CD45+CD19+TER119+ cells was observed, akin to

the findings of Zhu et al. regarding CD45+ EPCs (Supplementary

Figures 7C–F) (25). CD45+ EPCs are widely believed to be a

byproduct of later-stage tumors due to anemia. However,

CD45+CD19+TER119+ cell populations were also detected in the

spleens of normal neonatal mice (Figure 3A).

We subsequently sorted these cells and conducted

transcriptome sequencing (Supplementary Figure 8; GEO

accession code: GSE201937). Bioinformatics analysis ascertained

that CD45+CD19+TER119+ cells exhibited similar pathway

enrichment to the TER cells described by Han et al. and by Zhao

et al. (25, 26). Moreover, the CD45+CD19+TER119+ cells exhibited

distinctive enhancement in pathways linked to B cells and a

negative correlation with erythroid pathways when compared to
Frontiers in Immunology 08
the erythroblasts from 14.5-day fetal livers (Figure 3D). We further

performed analyses of our transcriptome data derived from B cells

(sorted from adult spleens of normal mice), erythroblasts (sorted

from 14.5-day fetal livers), and CD45+CD19+TER119+ cells (sorted

from neonatal mouse spleens within two weeks after birth). The

CD45+CD19+TER119+ cells exhibited a stronger proclivity toward

B cell differentiation rather than erythroid cell formation

(Figures 3E, F). The accuracy of the sequencing results was

partially validated by quantitative PCR (Figures 3G, H). To

ascertain the functional similarity between CD45+CD19+TER119+

cells and CD45+ EPCs, an assessment of intracellular ROS content

was conducted. CD45+CD19+TER119+ cells exhibited significantly

higher levels of intracellular ROS compared to CD19+ B cells,

CD45-CD19-TER119+ cells (erythroblasts), and CD45-

CD19+TER119+ cells (Figure 3I). Compared with B cells,

CD45+CD19+TER119+ cells were enriched with the ROS

generation pathway (Supplementary Figure 9).

Interestingly, CD45-CD19+TER119+ TER cells (26) were also

found in neonatal mouse spleens; these were morphologically

similar to B cells and CD45+CD19+TER119+ cells (Supplementary

Figures 10A, B). These CD45-CD19+TER119+ cells expressed artemin

protein (Supplementary Figures 10C, D), which is consistent with the

TER cells described by Han et al. (26). These findings suggest that

even the TER cells described by Han et al. might be B cells or derived

from B cells. In vitro functional assays verified the capacity of

CD45+CD19+TER119+ cells to suppress the proliferation and

immune function of CD8+ T cells (Figures 3J, K; Supplementary

Figure 11A, B). Moreover, these suppressive activities could be

alleviated by eliminating intracellular ROS (Figures 3J, K;

Supplementary Figures 11A, B). The CD45+CD19+TER119+ cells

were also identified as hindering the destruction of target cells by

CD8+ T cells through the generation of ROS (Figure 3L;

Supplementary Figure 11C), which is consistent with the results

obtained from in vitro experiments. These data indicate that

CD45+CD19+TER119+ cells exhibit an immunosuppressive

function, in the same way as the CD45+ EPCs. Taken together, our

results confirm that B cells have the potential to transdifferentiate into

erythroblast-like immune-inhibiting cells under specific physiological

and pathological conditions.
Identification of CD235a+CD19+ double-
positive cells in peripheral blood from
patients with leukemia

TER119 is considered to be a specific cell surface marker of

mouse erythroid cells, while CD235a is a TER119-like molecule that

is considered to be specifically expressed on the surface of human

erythroid cells. To investigate whether human TER cells express

CD19, we harvested blood samples from patients with various

hematopoietic malignancies and analyzed the mononuclear cells

(PBMCs) after lysis of mature RBCs. Strikingly, three out of five

chronic lymphocytic leukemia (CLL) blood samples contained a

large proportion of CD45+/CD19+/CD235a+ cells (Figures 4A, B;

Supplementary Figure 12A). As a negative control, diffuse large B

cell lymphoma (DLBCL) blood was shown to contain almost no
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FIGURE 3

The discovery of CD19+TER119+ cells in mice. (A) Identification of CD19+TER119+CD45+ and CD19-TER119+CD45+ cells in mice. Flow cytometry
analysis of CD19+TER119+CD45+ and CD19-TER119+CD45+ cells in spleens of C57BL6 mice under different physiological conditions: WT, normal
C57BL6 mice; anemia, mice with PHZ-mediated acute hemolytic anemia; LLC and B16, tumor-bearing mice; Neo, neonatal mice (1-2 weeks).
Representative flow cytometry and cumulative composite data show the frequency of CD19+CD45+ and CD19-CD45+ cells within the TER119+
population in the spleen of WT, anemic (4 days), tumor-bearing (LLC for 35 days and B16 for 21 days), and neonatal (within two weeks after birth)
mice. (B) Cumulative composite data showing the proportion of CD19+TER119+CD45+ cells in CD45+ EPCs (CD45+TER119+) within the spleens
under different physiological conditions. Mature red blood cells were removed. (C) Wright-Giemsa showing the morphology of mouse CD19+ B cells
and natural CD19+TER119+CD45+ cells (as distinct from CoCl2/IL6-induced CD19+ B cells) with magnification 1000×. (D) Pathway enrichment
analysis performed via GSEA. Significantly enriched items (nominal p <0.05) in CD19+TER119+CD45+ cells from the spleens of neonatal mice
compared with the erythroblasts from the livers of 14.5-day mouse embryos are shown with enrichment scores. (E) Heat map illustrating the relative
expression of erythroid cell-associated genes in B cells, erythroblasts, and CD19+TER119+ cells. (F) Heat map illustrating the relative expression of B
cell-associated genes in B cells, erythroblasts, and CD19+TER119+ cells. (G) qPCR showing the expression of B lymphocyte-associated marker genes
in B cells, erythroblasts, and CD19+TER119+ cells (n=3). (H) qPCR showing the expression of erythroid cell-associated genes in B cells, erythroblasts,
and CD19+TER119+ cells (n=3). (I) Intracellular ROS production in CD19+ B cells, CD19+TER119+CD45+ cells, CD19-TER119+CD45- cells, and
CD19+CD45-TER119+ cells as analyzed via flow cytometry. (J) Inhibition of CD8+ T cell proliferation by CD19+ B cells, erythroblasts,
CD19+TER119+CD45- cells, CD19+TER119+CD45+ cells, or CD19+TER119+CD45+ (APO-induced ROSi) cells. The proliferative capacity of CFSE-
labeled CD8+ T cells in response to anti-CD3 and anti-CD28 was analyzed after co-culture with CD19+ B cells, erythroblasts, CD19+TER119+CD45-

cells, CD19+TER119+CD45+ cells, or CD19+TER119+CD45+ (APO-induced ROSi) cells at ratio of 1:2 (CD8+ T cells: tested cells). (K) Inhibition of CD8+

T cell killing efficiency in vitro by CD19+ B cells, erythroblasts, CD19+TER119+CD45- cells, CD19+TER119+CD45+ cells, or CD19+TER119+CD45+

(APO-induced ROSi) cells. The tested cells were co-cultured with sorted CD8+ T cells (at ratio of 2:1) and in vitro T cell killing efficiency was
determined after 6 hours (n=5). (L) Inhibition of CD8+ T cell killing efficiency in vivo by CD19+ B cells, erythroblasts, CD19+TER119+CD45- cells,
CD19+TER119+CD45+ cells, or CD19+TER119+CD45+ (APO-induced ROSi) cells. CD19+ B cells, erythroblasts, CD19+TER119+CD45- cells,
CD19+TER119+CD45+ cells, or CD19+TER119+CD45+ (APO-induced ROSi) cells were co-injected with sorted CD8+ T cells and in vivo T cell killing
efficiency was determined after 24 hours (n=5). The symbols ** means p<0.01.
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CD45+/CD19+/CD235a+ cells (Figure 4B; Supplementary

Figure 12B), possibly because no tumor cells were available in

peripheral blood at the time of sample collection. Two out of five

cases of CLL contained only a small number of CD45+/CD19+/

CD235a+ cells (Figure 4B; Supplementary Figure 12A), most likely

due to the elimination of tumor cells by chemotherapy. In one case

of peripheral blood from an AML patient, CD45+/CD19+/CD235a+

TER cells clearly existed, although only a small proportion of such

TER cells were strongly CD19-positive, and the remaining cells

were weakly CD19-positive (Figure 4C). Another three cases of

AML, one case of AML-ml, one case of AML-M4b-CR1, one case of

MDS-EB-1, one case of MDS-SLD, one case of MM, one case of AL,

and one case of B-ALL produced small numbers of or no CD19+/

CD235a+ cells at the time of sample collection (data not shown).

The CD45+ EPCs that were isolated from the bone marrow of the
Frontiers in Immunology 10
same patient exhibited VDJ rearrangement fragments that were

akin to those observed in B cells (Figure 4D). Upon conducting

CD19 sorting of bone marrow cells sampled from a patient with

myelodysplastic syndrome (MDS), a comparative analysis

confirmed the presence of CD45+CD235a+ cells (Figure 4E). This

finding indicated that CD19+ cells exhibit the potential to undergo

transdifferentiation into CD45+CD235a+ cells when subjected to

hypoxic stimulation. In addition, CLL patients all exhibited strong

infection symptoms, including the two patients with the highest

proportion of CD45+/CD19+/CD235a+ cells, who died six months

after undergoing CD45/CD19/CD235a testing, and one patient with

approximately 30% CD45+/CD19+/CD235a+ cells, whose tumor

recurred with pulmonary infection one year after CD45/CD19/

CD235a testing. We found that some CD63+ erythroid precursors

also exhibit CD19 expression, and CD63+ erythroblasts are
A B

D E

C

FIGURE 4

Identification of human B lymphocytes undergoing transdifferentiation into CD45+ EPCs. (A) Identification via flow cytometry of
CD19+CD235a+CD45+ cells in peripheral blood mononuclear cells (PBMCs) from CLL patients. (B) Statistical analysis of CD19+CD235a+CD45+ cells
in PBMCs of patients diagnosed with CLL and DLBCL. (C) Identification of CD19+CD235a+CD45+ cells in PBMCs from an AML patient. (D) Analysis of
VDJ rearrangement in CD19+ B cells and CD45+CD235a+ cells from bone marrow of an MDS patient. Control 1: genomic DNA from 293T cells
(negative control); control 2: genomic DNA from HCT116 cells (negative control); CD19+ B cell: genomic DNA from CD19+ B cells in bone marrow
from an MDS patient; CD45+CD235a+ cell: genomic DNA from CD45+CD235a+ cells in bone marrow from the same MDS patient. (E) Flow
cytometry analysis of hypoxia-induced transdifferentiation of CD19+ B cells isolated from bone marrow of MDS patients. CD19+ B cells were sorted
from bone marrow of MDS patients and cultured with hypoxia-induced differentiation in vitro (CoCl2-induced hypoxia). CD19-postive (CD19+) cells
are more likely to undergo CD45+CD235a+ transdifferentiation under induction of hypoxia. CD19-negative (CD19-) cells were used as controls and
subjected to the same hypoxia induction treatment.
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considered to have an immune regulatory function (Supplementary

Figure 13) (45). All these results indicate that, like murine B-

lymphoid cells, human B-lymphoid cells also exhibit spontaneous

acquisition of erythroid lineage markers. These results also suggest

that the presence of CD45+/CD19+/CD235a+ cells in tumor patients

might be associated with poor prognosis and increased risk

of infection.
Discussion

Recent studies have discovered a subset of erythroblast-like cells

tha t modu la t e the immune sy s t em and the tumor

microenvironment (23, 24, 27, 28). Erythroid cells are usually

considered to be functionally homogenous, whereas B cells have

been confirmed to be a class of cell populations that are markedly

heterogeneous. In the current study, we found that a proportion of

CD45+ EPCs (25, 28) and CD45- TER cells (26), both of which were

considered to be erythroid cells, were either B lymphocytes or

originated from B cells; this was the case both in mice and in human

patients. A mechanistic understanding of the transdifferentiation of

B cells to TER cells could be of future benefit in therapeutic settings.

Determination of which types of anemia, either inherited or

acquired, stimulate and sustain the expansion of TER cells is

also important.

The presence of CD45+/CD19+/TER119+ cells among CD45+

EPCs may result in their misidentification as conventional erythroid

cells, thereby compromising the accuracy of differentiation analyses

and subsequent analyses. This is especially true given that, based on

published sequencing data, many B-cell development-related genes

are expressed in CD45+ EPCs and CD45- TER cells (Supplementary

Figures 3–5) (25, 26). The presence of representative markers such

as CD74 (46), CD63, and CD45, which are commonly found in B

cells, also indicates the likelihood of a B cell origin for these

immunosuppressive erythroblast-like cells. Therefore, the CD19

marker should be routinely used in laboratory testing to

distinguish whether such cells are B lymphocytes, classical

erythroblasts, or immunosuppressive TER cells (whether they are

CD45+ or not), especially under conditions of hypoxia or anemia.

In summary, some immunosuppressive erythroblasts are

transdifferentiated from a subset of CD19+ B lymphocytes; this

result emphasizes the plasticity of B cells. Our findings imply that

targeting a specific set of B cells (CD19+/TER119+ cells in mice and

CD19+/CD235a+ cells in humans) instead of erythroblasts should

restore adaptive immunity. Our findings also suggest that CD19

should be included when purifying conventional erythroid cells,

since TER119- or CD235a-positive “red” cells might not be genuine

red cells.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found below: https://www.ncbi.nlm.nih.gov/geo/,

GSE201915; https://www.ncbi.nlm.nih.gov/geo/, GSE201937.
Frontiers in Immunology 11
Ethics statement

The studies involving human participants were reviewed and

approved by Ethics Committee of Medical College of Yangzhou

University Ethics Committee of Yangzhou Subei People’s Hospital.

The patients/participants provided their written informed consent

to participate in this study. The animal study was reviewed and

approved by Ethics Committee of Medical College of Yangzhou

University. Written informed consent was obtained from the

individual(s) for the publication of any potentially identifiable

images or data included in this article.

Author contributions

DY and ZY designed the study. ZY, ZW, LW, and YW

performed the experiments and analyzed the data. ZX performed

the bioinformatics analyses. FW, ZY, ZW, and YL assisted in

clinical sample collection and handling. ZY drafted the

manuscript and DY revised the manuscript. All authors

contributed to the article and approved the submitted version.

Funding

This work was supported by the National Natural Science

Foundation of China (grant no. 81670186 and 81870096 to DY).

This work was also supported by the China Postdoctoral Science

Foundation (no. 2020M671635 to ZY).

Acknowledgments

The authors would like to thank Dr. Ye at the Third Military

Medical University of China for providing the LCMV-Armstrong

clone 13 (Cl13) strain, the MDCK cells, and the Vero E6 cells.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1202943/

full#supplementary-material
frontiersin.org

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1202943/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1202943/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1202943
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yang et al. 10.3389/fimmu.2023.1202943
References
1. Yamanaka S. Induction of pluripotent stem cells from mouse fibroblasts by four
transcription factors. Cell Prolif (2008) 41(Suppl 1):51–6. doi: 10.1111/j.1365-
2184.2008.00493.x

2. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al.
Induction of pluripotent stem cells from adult human fibroblasts by defined factors.
Cell (2007) 131:861–72. doi: 10.1016/j.cell.2007.11.019

3. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell (2006) 126:663–76. doi:
10.1016/j.cell.2006.07.024

4. Bizymi N, Georgopoulou A, Mastrogamvraki N, Matheakakis A, Gontika I,
Fragiadaki I, et al. Myeloid-derived suppressor cells (MDSC) in the umbilical cord
blood: biological significance and possible therapeutic applications. J Clin Med (2022)
11(3):727. doi: 10.3390/jcm11030727

5. Veglia F, Perego M, Gabrilovich D. Myeloid-derived suppressor cells coming of
age. Nat Immunol (2018) 19:108–19. doi: 10.1038/s41590-017-0022-x

6. Li Y, Zhang Q, Wu M, Zhang P, Huang L, Ai X, et al. Suppressing MDSC
infiltration in tumor microenvironment serves as an option for treating ovarian cancer
metastasis. Int J Biol Sci (2022) 18:3697–713. doi: 10.7150/ijbs.70013

7. Zhan X, He Q, Sheng J, Jiang X, Lin L, Huang Y, et al. USP12 positively regulates
M-MDSC function to inhibit antitumour immunity through deubiquitinating and
stabilizing p65. Immunology (2022) 167:544–57. doi: 10.1111/imm.13552

8. Hegde S, Leader AM, Merad M. MDSC: Markers, development, states, and
unaddressed complexity. Immunity (2021) 54:875–84. doi: 10.1016/j.immuni.2021.04.004

9. Zhang Y, Wei S, Wu Q, Shen X, Dai W, Zhang Z, et al. Interleukin-35 promotes
Breg expansion and interleukin-10 production in CD19(+) B cells in patients with
ankylosing spondylitis. Clin Rheumatol (2022) 41:2403–16. doi: 10.1007/s10067-022-
06137-8

10. Rosser EC, Mauri C. Regulatory B cells: origin, phenotype, and function.
Immunity (2015) 42:607–12. doi: 10.1016/j.immuni.2015.04.005

11. Moreira H, Dobosz A, Cwynar-Zajac L, Nowak P, Czyzewski M, Barg M, et al.
Unraveling the role of Breg cells in digestive tract cancer and infectious immunity.
Front Immunol (2022) 13:981847. doi: 10.3389/fimmu.2022.981847

12. Fathman CG, Yip L, Gomez-Martin D, Yu M, Seroogy CM, Hurt CR, et al. How
GRAIL controls Treg function to maintain self-tolerance. Front Immunol (2022)
13:1046631. doi: 10.3389/fimmu.2022.1046631

13. Lohmeyer JK, Hirai T, Turkoz M, Buhler S, Lopes Ramos T, Kohler N, et al.
Analysis of T cell Repertoire and Transcriptome Identifies Mechanisms of Regulatory T
cell (Treg) Suppression of GvHD. Blood (2022) 141(14):1755–67. doi: 10.1101/
2022.07.26.501553

14. Zhao Y, Zheng X, Li M, Zhao J, Wang X, Zhu H. ADAR1 improved Treg cell
function through the miR-21b/Foxp3 axis and inhibits the progression of acute graft-
versus-host disease after allogeneic hematopoietic stem cell transplantation. Int
Immunopharmacol (2023) 115:109620. doi: 10.1016/j.intimp.2022.109620

15. Rapino F, Robles EF, Richter-Larrea JA, Kallin EM, Martinez-Climent JA, Graf
T. C/EBPalpha induces highly efficient macrophage transdifferentiation of B lymphoma
and leukemia cell lines and impairs their tumorigenicity. Cell Rep (2017) 19:1281. doi:
10.1016/j.celrep.2017.04.072

16. Di Tullio A, Graf T. C/EBPalpha bypasses cell cycle-dependency during immune
cell transdifferentiation. Cell Cycle (2012) 11:2739–46. doi: 10.4161/cc.21119

17. Di Stefano B, Sardina JL, van Oevelen C, Collombet S, Kallin EM, Vicent GP,
et al. C/EBPalpha poises B cells for rapid reprogramming into induced pluripotent stem
cells. Nature (2014) 506:235–9. doi: 10.1038/nature12885

18. Collombet S, van Oevelen C, Sardina Ortega JL, Abou-Jaoude W, Di Stefano B,
Thomas-Chollier M, et al. Logical modeling of lymphoid and myeloid cell specification
and transdifferentiation. Proc Natl Acad Sci U.S.A. (2017) 114:5792–9. doi: 10.1073/
pnas.1610622114

19. Hu F, Huang D, Luo Y, Zhou P, Lv C, Wang K, et al. Hematopoietic lineage-
converted T cells carrying tumor-associated antigen-recognizing TCRs effectively kill
tumor cells. J Immunother Cancer (2020) 8(2):e000498. doi: 10.1136/jitc-2019-000498

20. Yu D, Allman D, Goldschmidt MH, Atchison ML, Monroe JG, Thomas-
Tikhonenko A. Oscillation between B-lymphoid and myeloid lineages in Myc-
induced hematopoietic tumors following spontaneous silencing/reactivation of the
EBF/Pax5 pathway. Blood (2003) 101:1950–5. doi: 10.1182/blood-2002-06-1797

21. Bjorck P, Kincade PW. CD19+ pro-B cells can give rise to dendritic cells in vitro.
J Immunol (1998) 161:5795–9. doi: 10.4049/jimmunol.161.11.5795

22. Elahi S. Neglected cells: immunomodulatory roles of CD71(+) erythroid cells.
Trends Immunol (2019) 40:181–5. doi: 10.1016/j.it.2019.01.003

23. Elahi S, Ertelt JM, Kinder JM, Jiang TT, Zhang X, Xin L, et al.
Immunosuppressive CD71+ erythroid cells compromise neonatal host defence
against infection. Nature (2013) 504:158–62. doi: 10.1038/nature12675
Frontiers in Immunology 12
24. Grzywa TM, Nowis D, Golab J. The role of CD71(+) erythroid cells in the
regulation of the immune response. Pharmacol Ther (2021) 228:107927. doi: 10.1016/
j.pharmthera.2021.107927

25. Zhao L, He R, Long H, Guo B, Jia Q, Qin D, et al. Late-stage tumors induce
anemia and immunosuppressive extramedullary erythroid progenitor cells. Nat Med
(2018) 24:1536–44. doi: 10.1038/s41591-018-0205-5

26. Han Y, Liu Q, Hou J, Gu Y, Zhang Y, Chen Z, et al. Tumor-induced generation
of splenic erythroblast-like ter-cells promotes tumor progression. Cell (2018) 173:634–
648 e12. doi: 10.1016/j.cell.2018.02.061

27. Namdar A, Dunsmore G, Shahbaz S, Koleva P, Xu L, Jovel J, et al. CD71(+)
erythroid cells exacerbate HIV-1 susceptibility, mediate trans-infection, and harbor
infective viral particles. mBio (2019) 10(6):e02767-19. doi: 10.1128/mBio.02767-19

28. Shahbaz S, Xu L, Osman M, Sligl W, Shields J, Joyce M, et al. Erythroid
precursors and progenitors suppress adaptive immunity and get invaded by SARS-
CoV-2. Stem Cell Rep (2021) 16:1165–81. doi: 10.1016/j.stemcr.2021.04.001

29. Zhang S, Mercado-Uribe I, Liu J. Generation of erythroid cells from fibroblasts
and cancer cells in vitro and in vivo. Cancer Lett (2013) 333:205–12. doi: 10.1016/
j.canlet.2013.01.037

30. Yang Z, Yao H, Fei F, Li Y, Qu J, Li C, et al. Generation of erythroid cells from
polyploid giant cancer cells: re-thinking about tumor blood supply. J Cancer Res Clin
Oncol (2018) 144:617–27. doi: 10.1007/s00432-018-2598-4

31. Yu D, Thomas-Tikhonenko A. A non-transgenic mouse model for B-cell
lymphoma: in vivo infection of p53-null bone marrow progenitors by a Myc
retrovirus is sufficient for tumorigenesis. Oncogene (2002) 21:1922–7. doi: 10.1038/
sj.onc.1205244

32. Collins L, Dorshkind K. A stromal cell line from myeloid long-term bone
marrow cultures can support myelopoiesis and B lymphopoiesis. J Immunol (1987)
138:1082–7. doi: 10.4049/jimmunol.138.4.1082

33. Wan J, Trainor K, Brisco M, Morley A. Monoclonality in B cell lymphoma
detected in paraffin wax embedded sections using the polymerase chain reaction. J Clin
Pathol (1990) 43:888–90. doi: 10.1136/jcp.43.11.888

34. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene set enrichment analysis: a knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci U.S.A. (2005) 102:15545–50.
doi: 10.1073/pnas.0506580102

35. Chaoul N, Fayolle C, Leclerc C. In vivo OVA-specific cytotoxic CD8+ T cell
killing assay. BIO-PROTOCOL (2016) 6(12):e1838. doi: 10.21769/BioProtoc.1838

36. Benkhoucha M, Molnarfi N, Belnoue E, Derouazi M, Lalive PH. In-vivo gp100-
specific cytotoxic CD8(+) T cell killing assay. Bio Protoc (2018) 8:e3082. doi: 10.21769/
BioProtoc.3082

37. Abdelsamed HA, Zebley CC, Youngblood B. In vitro homeostatic proliferation
of human CD8 T cells. Bio Protoc (2017) 7(22):e2619. doi: 10.21769/BioProtoc.2619

38. Vermot A, Petit-Hartlein I, Smith SME, Fieschi F. NADPH oxidases (NOX): an
overview from discovery, molecular mechanisms to physiology and pathology.
Antioxid (Basel) (2021) 10(6):890. doi: 10.3390/antiox10060890

39. Niu F, Yu Y, Li Z, Ren Y, Li Z, Ye Q, et al. Arginase: An emerging and promising
therapeutic target for cancer treatment. BioMed Pharmacother (2022) 149:112840. doi:
10.1016/j.biopha.2022.112840

40. Delyea C, Bozorgmehr N, Koleva P, Dunsmore G, Shahbaz S, Huang V, et al.
CD71(+) erythroid suppressor cells promote fetomaternal tolerance through arginase-2
and PDL-1. J Immunol (2018) 200:4044–58. doi: 10.4049/jimmunol.1800113
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