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A Genetic Model Reveals Biological Features of Neonatal CD4 Helper Cells Undergone Homeostasis in Mice
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CD4+ T cells are essential for regulating effective immune response to pathogens and immune balance. Recent studies have demonstrated the unique features of T cells in neonate mice, such as more sensitive to antigen response and preference toward T helper 2 (Th2) response and regulatory T cells (Tregs) differentiation. However, the biological characteristics of neonatal age-derived CD4+ T cells following homeostasis remain unclear. Here we utilized a lineage tracing model of TCRδCreERR26ZsGreen to mark neonatal- and adult-derived CD4+ T cells followed by a combination analysis of activation, proliferation, survival, and differentiation. Our results showed that neonatal CD4+ T cells had higher capacity of activation, proliferation, apoptosis, and differentiation toward Th2 and T helper 17 (Th17) lineages, accompanied by a reduced potential for T helper 1 (Th1), T helper 9 (Th9), and Treg lineages. In contrast, tracked neonatal CD4+ T cells exhibited similar characters of above-mentioned of tracked adult cells in adult mice. Therefore, our data support a natural requirement for CD4+ T cells to acquire fully-equipped functional potentials of adult cells.
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INTRODUCTION

In adults, CD4+ T helper cells play a pivotal role in adaptive immunity including activation of innate cells, helping B cells to produce antibodies, and generation of CD8+ cytotoxic T cells (Luckheeram et al., 2012). The helper function and population size are determined by their biological characters such as activation, proliferation, and survival. However, a dysregulated response of CD4+ T cells can lead to the occurrence of various autoimmune diseases (Pawlak et al., 2020). Under specific cytokine conditions and activation of intracellular signals, naïve CD4+ T cells are capable to differentiate into different subsets of Th1, Th2, Th9, and Th17 cells, producing inflammatory cytokines such as interferon-gamma (IFN-γ), interleukin-4 (IL-4), interleukin-9 (IL-9), and interleukin-17 (IL-17) to mediate immune responses (Ruterbusch et al., 2020; Yan and Richmond, 2020). Naïve CD4+ T cells are also able to develop into natural Treg cells (nTreg) in the thymus and differentiate into induced regulatory T cells (iTreg) in the presence of T cell receptor (TCR) and transforming growth factor beta (TGFβ) stimulation to maintain immune balance, preventing the occurrence of autoimmune diseases (Caza and Landas, 2015).

However, neonatal CD4+ T cells exhibit distinct features and mediate different immune response from adult cells. Neonatal CD4+ T cells are more sensitive to TCR stimulation (Wilson and Kollmann, 2008). In humans, there is a higher incidence of acute graft-versus-host disease (GVHD) in neonates than adults, which can be attributed to the activation potential of CD4+ T cells (Rocha et al., 2000; Ballen and Spitzer, 2011). Mechanistically, the distinct transcriptome or epigenetic landscape allows neonate T cells to respond more strongly self-antigens or foreign antigens (Palin et al., 2013; Rudd, 2020).

In neonates, CD4+ T cells have been characterized as relatively immature, associated with limited immune protection (Nelson et al., 2015). Human neonatal CD4+ recent thymic emigrants (RTEs) demonstrated a defective potential to differentiate into IFN-γ secreting Th1 cells (Haines et al., 2009), which is in line with the reduced expression of Th1 cytokines in vitro (Chen et al., 2006). In contrast, neonatal CD4+ T cells differentiate into Th2 cells more readily than adult CD4+ T cells. This can be attributed to hypo-methylation of Th2 cytokine gene loci in neonates compared to adults (Rose et al., 2007; Debock and Flamand, 2014). Neonatal CD4+ T cells from human cord blood have limited potential to differentiate into Th17 cells given stimulation with interleukin-1 beta (IL-1β), interleukin-6 (IL-6), and interleukin-23 (IL-23) in comparison to adult peripheral blood mononuclear cells (PBMCs), which is mainly caused by low level of RORC2 transcription (Hofstetter et al., 2007; de Roock et al., 2013). In the mouse model of experimental autoimmune encephalomyelitis (EAE), neonatal mice also showed a lower level of IL-17-producing cells compared to adult mice (Hofstetter et al., 2007; de Roock et al., 2013). However, neonatal CD4+ T cells preferentially differentiate into Treg cells compared adult CD4+ T cells under the stimulation of anti-CD3 and anti-CD28 antibodies with or without TGFβ in vitro (Fernandez et al., 2008; Wang et al., 2010). Overall, the immune competency in neonates is relatively dormant.

The distinct immunological characteristics of neonatal and adult CD4+ T cells indicate that neonatal cells undergo a maturation step during homeostasis. Recent study found that adult CD8+ T cells generated at the neonatal stage preferentially become memory-like cells under unchallenged conditions, and differentiate into effectors following infection (Smith et al., 2018). However, little is known about the immunological features of adult CD4+ T cells generated at the neonatal age. Here, we utilized a recently developed lineage tracing model to examine the phenotypical and functional differences among neonatal, adult, tracked neonatal (adult cells generated at neonatal age) and tracked adult (adult cells generated at adult age) CD4+ T cells. We found a higher percentage of effector memory T cells (TEM, CD44hiCD62L–) and center memory T cells (TCM, CD44hiCD62+) in lymph nodes (LNs) but not in spleens of neonatal mice compared with adult mice, as well as an increase of TEM and TCM cells proportions in tracked-neonatal cells. Neonatal CD4+ T cells were sensitive to TCR activation, proliferation, and activation-induced cell death, whereas tracked-neonatal cells behaved similarly as adult and tracked-adult cells. Finally, neonatal CD4+ T cells more readily differentiated into Th2, Th17, and Treg cells rather than Th1 cells. In contrast, tracked-neonatal CD4+ T cells exhibited similarly differentiation potential into all Th lineages examined. Collectively, our data demonstrated that neonatal CD4+ T cells acquired the phenotypical and functional characteristics of adult cells after homeostatic process.



MATERIALS AND METHODS


Mice and Reagents

TCRδCreERR26ZsGreen mice were developed and used as described previously (Zhang et al., 2015). The transgenic mouse model can successfully track T cells generated from one wave of developing thymocytes by a lineage-specific and inducible Cre-controlled reporter. All mice were bred and maintained in the specific pathogen-free conditions by Xi’an Jiaotong University Division of Laboratory Animal Research. All the procedures were approved by the Institutional Animal Care and Use Committee of Xi’an Jiaotong University.

The antibodies used are as follows: APC/Cy7 anti-mouse CD4 (GK1.5), PE/Cy7 anti-mouse/human CD44 (IM7), APC anti-mouse CD62L (MEL-14), PE anti-mouse CD69 (H1.2F3), PE anti-mouse CD25 (PC61), PE/Cy5 anti-mouse CD25 (PC61), Pacific BlueTM anti-mouse Ki-67 (16A8), PE Annexin V (Cat # 640947), Pacific BlueTM anti-mouse FOXP3 (MF-14), Pacific BlueTM anti-mouse IFNγ (XMG1.2), Brilliant Violet 421 anti-mouse IL-4 (11B11), PE anti-mouse IL-9 (RM9A4), Alexa FluorR 647 anti-mouse IL-17A (TC11-18H10.1), Purified anti-mouse CD3 (145-2C11), purified anti-mouse CD28 (37.51). All antibodies were purchased from BioLegend (San Diego, CA, United States). 7AAD Viability Staining solution (Cat # 420404), Fixation Buffer (Cat # 420801), and Intracellular Staining Perm Wash Buffer (Cat # 421002). Transcription Factor Fixation/Permeabilization Concentrate and Diluent were purchased from eBioscience.



Tamoxifen Treatment

Newborn TCRδCreERR26ZsGreen pups were given five drops of tamoxifen (10 mg/ml) daily for 5 days. Six-week-old TCRδCreERR26ZsGreen mice were treated with three doses of 1 mg tamoxifen intraperitoneally every other day.



Flow Cytometry

Single cells were obtained from spleen and lymph-node of indicated mice. For cell surface analysis, 1∼5 × 106 cells per sample were stained with Abs in the dark at 4°C for 30 min. After washing with cold FACS buffer (1 × PBS supplemented with 2% FBS), cells were analyzed using CytoFLEX flow cytometer (BECKMAN COULTER). Flowjo software (CytExpert) was used for data recorded and analyzed.

To analyze intracellular transcriptional factors, after a 30-min surface staining, cells were fixed and permeabilized according to the manual of Foxp3 kit, followed by anti-foxp3 antibody staining and FACS analysis.

For cytokine analysis, cell samples were stimulated in vitro with PMA/Ionomycin in the presence of Brefeldin A (BioLegend) and Monensin (BioLegend) for 4 h. Cells were washed and stained with anti-CD4 Abs. After a 30-min incubation and wash, cells were fixed and permeabilized using Fixation/Permeabilization buffer (BioLegend), and stained with IFN-γ, IL-4, and IL-9 antibodies and FACS analysis.



T Cell Culture

Lymphocytes were cultured in RPMI 1640 medium (GIBCO) supplemented with 100 U/mL of penicillin, 100 μg/mL of streptomycin, 0.05 mM of β-mercaptoethanol, and 10% fetal bovine serum (GIBCO) with 2.5 μg/ml anti-CD3 and 1 μg/ml anti-CD28 Abs for indicated hours. For proliferation and apoptosis in vitro, cell samples were stained with indicated surface markers. After wash with FACS buffer, intracellular staining with anti-Ki67 labeled proliferating cells, or apoptosis was analyzed with 7AAD/Annexin V using apoptosis detection kit (1 × binding buffer).



T Helper Cell Differentiation in vitro

Naive T cells (CD4+CD25–CD44–CD62L+) were sorted by BD FACSAriaTM II cell sorter (BD Biosciences, San Jose, CA, United States) from spleen and LNs. Purified cells were cultured in 96-well plates coated with 2.5 μg/mL anti-CD3, and 0.5 μg/mL anti-CD28 Abs in the presence of different cytokine cocktails: Th1: IL-2 (50 U/mL), IL-12 (20 ng/mL), and anti-IL-4 Abs (10 μg/mL); Th2: IL-2 (50 U/mL), IL-4 (100 ng/mL), anti-IFN-γ Abs (10 μg/mL), and anti-IL-12 Abs (10 μg/mL); Th9: IL-4 (20 ng/mL), anti-IFN-γ Abs (10 μg/mL), and TGF-β1 (2 ng/mL); Th17: IL-6 (50 ng/mL), IL-23 (50 ng/mL), IL-1β (10 ng/mL), TGF-β1 (5 ng/mL), anti-IL-4-Abs (10 μg/mL), and anti-IFN-γ-Abs (10 μg/mL); iTreg: TGF-β1 (5 ng/mL), IL-2 (50 U/mL), anti-IL-4 Abs (10 μg/mL), and anti-IFN-γ Abs (10 μg/mL). 96 h post culture, cells were performed antibody staining and FACS analysis.



Statistical Analysis

Statistical analysis was applied to technical replicates for each experiment. Each experiment was independently repeated three times. Two-tailed Student’s t test was used for all statistical calculations using GraphPad Prism 7 software. The level of significance is indicated as ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, and ****P < 0.0001.



RESULTS


Effector/Memory-Like Cells Accumulate in Tracked-Neonatal CD4+ T Cells

In order to investigate the effect of homeostatic process on biological characteristics of neonatal CD4+ T cells in vivo, we utilized the TCRδCreERR26ZsGreen mouse model described in the previous study (Zhang et al., 2016) to track CD4+ T cells generated at the neonatal age in adult mice. As shown in Figure1A, new-born and 6-week-old TCRδCreERR26ZsGreen mice were treated with tamoxifen. Four weeks later, we collected spleens and LNs from tracked-neonatal mice, tracked-adult mice, and control mice (untreated 1-week-old neonatal mice and 6-week-old adult mice). Clearly, a ZsGreen-positive population of CD4+ T cells was observed (Figure 1B).


[image: image]

FIGURE 1. Schematic of tracked CD4+ T cells generated at different stages using ZsGreen reporter. (A) The four groups of cells are included as follows. Neonatal and adult CD4+ T cells directly isolated from spleens and lymph nodes of 1-week-old and 6-week-old wt C57BL/6 mice were Group1 (Neonatal, N) and Group2 (Adult, A), respectively. Neonatal mice were treated with five doses of tamoxifen within 5 days after birth. Four weeks later, ZsGreen+CD4+ cells isolated from spleens and lymph nodes were Group 3 named as Tracked-neonatal (TN). Young adult mice (6- week-old mice) were treated with three doses of tamoxifen every other day. 4 weeks post-treatment, ZsGreen+CD4+ T cells collected from spleens and lymph nodes were Group 4, named as Tracked adult (TA). (B) Representative FACS plots of ZsGreen-tracked and non-tracked CD4+ T cells from four groups in panel (A).


CD4+ T cells, generated from thymus, migrate to spleen and LNs in the periphery. A portion of these cells differentiated into TEM or TCM in the lymphopenic environment (Sallusto et al., 2004). The proportions of TEM and TCM cells in neonatal mice compared to that of adults were similar in spleen (Figures 2A–C) but higher in LNs (Figures 2A,E,F), while the percentage of naïve cells in neonatal mice compared to that of adults were similar in spleen and lower in LNs (Figures 2A,D,G). Similarly, tracked-neonatal mice showed a significant higher percentage of TEM and TCM cells (Figures 2A–C,E,F) and a lower percentage of naïve cells in compared to the other groups (Figures 2A,D,G). Therefore, neonatal CD4+ T cells are capable to differentiate into effector cells in the lymphopenic environment throughout the span from neonates to adults.
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FIGURE 2. The presence of naive and effector/memory-like populations in tracked and non-tracked CD4+ T cells. (A) Representative FACS plots of Naïve, effector memory (TEM) and central memory (TCM) cells in four groups. The statistical percentages of TEM cells in CD4+ splenocytes (B) and lymph nodes (E). The statistical percentages of TCM cells in CD4+ splenocytes (C) and lymph nodes (F). The statistical percentages of naive T cells in CD4+ splenocytes (D) and lymph nodes (G). (A–G) n = 3 mice; The results shown are representative of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.




Early and Late Activation of Tracked Neonatal CD4+ T Cells and Controls

Activation is the first step for CD4+ T cells to respond to antigens presented by antigen presenting cells (APCs) to initiate helper function during an immune response. We found a similar percentage of CD69+ cells among neonatal and adult CD4+ T cells after in vitro stimulation with anti-CD3 and anti-CD28 Abs for 6–24 h (Figure 3A). In contrast, neonatal CD4+ T cells exhibited a higher percentage of CD25+ and CD44+ proportions compared with adult cells during the course of stimulation (Figures 3B,C). Interestingly, tracked neonatal CD4+ T cells showed similar expression of CD25+ and CD44+ to tracked adult cells (Figures 3B,C). The data suggest that neonatal CD4+ T cells are sensitive to TCR stimulation and activation, and demonstrate similar potential to adult cells following the homeostatic process.


[image: image]

FIGURE 3. Expression of activation markers in stimulated CD4+ T cells. Naïve CD4+ T cells from tracked and non-tracked groups were sorted and cultured in vitro with 2.5 μg/ml anti-CD3 Ab and 1 μg/ml anti-CD28 Ab for 6, 12, and 24 h. Cells were harvested at indicated times and analyzed by FACS. The percentages of CD69+ cells (A), CD25+ cells (B), and CD44+ cells (C) in CD4+ T cells after stimulation for 6, 12, and 24 h. The blank column represents neonatal CD4+ T cells. The light gray column represents adult CD4+ T cells. The black column represents tracked-neonatal CD4+ T cells. The dark gray column represents tracked-adult CD4+ T cells. (A–C) Results shown are representative of three independent experiments. **P < 0.01, ***P < 0.001, and ****P < 0.0001.




Tracked Neonatal CD4+ T Cells Acquire Equal Proliferative Ability as Adult Counterparts

In response to TCR stimulation, T cells undergo proliferation and expansion. We examined the proliferation ability of naïve CD4+ T cells from indicated groups upon stimulation with plate bound anti-CD3 and anti-CD28 Abs. The percentage of Ki67+ cells was significantly higher in the neonatal group compared to that in adult group at both 24 h (Figures 4A,B) and 48 h (Figures 4A,C). In contrast, tracked neonatal CD4+ T cells showed similar percentage of Ki67+ cells compared to adult and tracked-adult cells at both time points (Figure 4). The data demonstrate that higher proliferation potential is a unique feature of neonatal CD4+ T cells.
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FIGURE 4. Proliferation of tracked and untracked naïve CD4+ T cells after TCR stimulation. Naïve CD4+ T cells from tracked and non-tracked groups were sorted and stimulated with 2.5 μg/ml anti-CD3 Ab and 1 μg/ml anti-CD28 Ab in vitro for 24 and 48 h. (A) Representative FACS plots of Ki67 staining in CD4+ T cells at 24 h (the upper row) and 48 h (the bottom row) following stimulation. The statistical percentages of Ki67+ cells in tracked and non-tracked CD4+ T cells 24 h (B) and 48 h (C) post stimulation. (A–C) Results are representative of three independent experiments. Student t test and Mann–Whitney U test were used for statistical analysis. **P < 0.01, ***P < 0.001, and ****P < 0.0001.




Activation Induced Apoptosis of Neonatal CD4+ T Cells and Controls

Following TCR stimulation, a portion of T cells undergo activation-induced cell death. We evaluated CD4+ T cell apoptosis after stimulation with anti-CD3 and anti-CD28 Abs for 24 and 48 h using 7AAD and Annexin V staining (Figure 5A). Neonatal CD4+ T cells showed significantly higher percentage of early (Annexin V+7AAD–) and late apoptotic cells (Annexin V+7AAD+) compared to adult cells at both 24 h (Figures 5B,C) and 48 h (Figures 5D,E). Whereas tracked neonatal CD4+ T cells showed similar percentages of both early and late apoptotic cells to adult and tracked adult cells. The data indicate tracked neonatal CD4+ T cells acquire superior survival capacity than neonatal cells.
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FIGURE 5. Apoptosis in tracked and untracked CD4+ T cells after TCR stimulation. Tracked and non-tracked naïve CD4+ T cells were sorted and stimulated with anti-CD3 and anti-CD28 Abs in vitro for 24 and 48 h. (A) Representative FACS plots of 7AAD and Annexin V staining in CD4+ T cells 24 h (the upper row) and 48 h (the bottom row) post-stimulation. The statistical percentages of early apoptotic CD4+ T cells (Annexin V+ 7AAD–) 24 h (B) and 48 h (D) post-stimulation. (C) The percentages of late apoptotic CD4+ T cells (Annexin V+ 7AAD+) 24 h (C) and 48 h (E) post stimulation. (A–E) Results are representative of three independent experiments. Student’s t test and Mann–Whitney U test were used for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.




Differentiation Potential of Tracked Neonatal and Control CD4+ T Cells

The functions of CD4+ T helper cells depend on their ability during differentiation into specific effector subsets, such as Th1, Th2, Th17, and Treg cells (Luckheeram et al., 2012). We assessed the differentiation potential of effector cells from different groups of naïve CD4+ T cells under polarized culture conditions (Figure 6). We showed that neonatal naïve CD4+ T cells preferentially differentiated into Th2 (Figures 6A,C) and Th17 (Figures 6A,D) cells but less so for Th1 cells (Figures 6A,B) and Tregs (Figures 6A,E) compared with adult naïve cells. However, tracked neonatal naïve CD4+ T cells showed similar differentiation potential for all effector cell types examined compared to tracked-adult cells. Therefore, there are distinct differentiation preferences in neonatal and adult cells, as well as tracked and non-tracked cells.
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FIGURE 6. Th cell differentiation of tracked and untracked cells under polarized conditions. Naïve CD4+ T cells were sorted from indicated groups of mice and cultured under polarized conditions for 4 days. Intercellular cytokine expression was analyzed by FACS. (A) Representative FACS plots of IFNγ, IL-4, IL-17, and Foxp3 staining in CD4+ T cells. (B) The percentage of IFNγ+ cells in CD4+ T cells (Th1). (C) The percentage of IL-4+ cells in CD4+ T cells (Th2). (D) The percentage of IL-17+ cells in CD4+ T cells (Th17). (E) The percentage of CD25+ and Foxp3+cells in CD4+ T cells (Treg). (A–E) Representative results of three independent experiments. Student’s t test and Mann–Whitney U test were used for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.




DISCUSSION

Accumulating data demonstrate that neonatal CD4+ T cells are functionally distinct from that of adults, which directly contributes to the susceptibility to pathogens challenge and allergy development (Debock and Flamand, 2014). However, CD4+ T cells in adults are a heterogeneous population generated from both neonatal and adult age. Less is known about the phenotypical and functional features of adult CD4+ T cells generated at the neonatal stage following entry into the periphery. Here, we used a well-established lineage-tracing model to track neonatal CD4+ T cells to characterize their phenotypes under the steady state condition, as well as the potential of activation, survival, and T helper cell differentiation upon TCR stimulation.

During the homeostatic process under the lymphopenic and stabilized condition, a portion of T cells upregulate CD44 and downregulate CD62L, becoming effector/memory-like cells in peripheral lymph organs (Pepper and Jenkins, 2011). The percentage of CD4+CD44+ T cells in LNs is significantly higher in neonates than that in adults, while splenic counterparts keep similar between two groups, which indicates that neonatal CD4+ T cells undergo stronger expansion in lymphopenic LNs while the size of expansion in spleen is comparable to that of adult cells. Tracked neonatal CD4+ T cells also express higher level of CD44 compared to adult and tracked-adult cells, which is consistent with previous findings on CD8+ T cells generated at the neonatal stage (Smith et al., 2018). It is possible that tracked neonatal CD44+ cells are derived from the retention of neonatal counterparts since tracked adult cells did not show a higher percentage of CD44+ cells compared to adult cells during the 4-week window. We have previously shown that there is an increase of CD44+ cells during a tracking window of 8 week or 1.5 year (Zhang et al., 2016). Therefore, the length of homeostatic process will determine the proportion of effector/memory-like cells.

Neonates exhibit a compromised immune defense against pathogen infection compared to adults (Palin et al., 2013). Consistently, we observed a similar expression of CD69 and an increase of expression of CD25 and CD44 in neonatal CD4+ T cells compared to that in adult cells after in vitro stimulation with anti-CD3 and anti-CD28 Abs. Moreover, neonatal CD4+ T cells showed an increase of both proliferation ability and activation-induced cell death. These data support that CD4+ T cells in neonatal mice are sensitive to activation, leading to an enhanced proliferation capacity as well as an increased susceptibility to activation-induced apoptosis, partially contributing to the compromised immunity in neonates. Interestingly, tracked neonatal CD4+ T cells displayed similar potential in activation, proliferation, and survival to adult and tracked adult cells, which contribute to a more potent immune defense in adult mice. These findings are in contrast with the finding that CD8+ T cells generated at neonatal age preferentially differentiate into effectors in vivo (Smith et al., 2018). This could be caused by the difference between in vitro and in vivo T cells.

Neonatal CD4+ T cells preferentially differentiate into Th2 cells but show less potential toward Th1 cells compared to adult cells as reported (Holt, 2004). However, the differentiation potential of tracked neonatal CD4+ T cells is similar to that of adult and tracked adult cells. These findings indicate that while neonatal CD4+ T cells contribute less to the neonatal defense against pathogens, these cells contribute more to protective immunity during the adult stage. Previous studies demonstrated that neonatal CD4+ T cells are prone to differentiation into Treg cells after TCR stimulation, and are similarly capable to differentiate into Treg cells in presence of TGFβ (Wang et al., 2010), which is inconsistent with our polarized culture data. The controversy may due to different culture system in which they used thymic CD4+CD25– cells whereas we used splenic CD4+CD25–CD62L+CD44– pure naïve cells. However, tracked neonatal CD4+ T cells contributed to Treg differentiation and tolerance equally as adult and tracked adult cells in adults. We observed a higher differentiation potential of Th17 cell in neonatal cells compared to adult naïve CD4+ T cells, but exhibited the same level of potential after maturation in vivo. Early studies showed a decrease of Th17 cells from human neonatal cells in vitro and from in vivo EAE model compared to adult cell or mice (Hofstetter et al., 2007; de Roock et al., 2013). The differences of Treg and Th17 cell differentiation between published data and our results could be due to that we used purified naïve CD4+ T cells whereas others used total CD4+ T cells. In addition, the high frequency of activated cells or effector-like cells in neonates may contribute more to the production of Treg and Th17 cells than that in adults.

In conclusion, we used a powerful lineage tracing system to investigate the features of neonatal and tracked-neonatal CD4+ T cells. Our study uncovered that neonatal CD4+ T cells are sensitive to activation, proliferation, and apoptosis. We also showed that neonatal CD4+ T cells are more prone to differentiate into Th2 and Th17 cells but less for Th1 and Treg cells. In contrast, tracked neonatal CD4+ T cells exhibit similar potential in above-mentioned aspects as adult and tracked adult cells. Our findings emphasized the requirement of homeostatic process for neonatal CD4+ T cells to gain functional potential of adult cells.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional Animal Care and Use Committee of Xi’an Jiaotong University.



AUTHOR CONTRIBUTIONS

LL, XzZ, XY, YS, CS, and BZ analyzed the data and wrote the original draft. LL, XzZ, HY, HZ, XW, and JW performed the FACS analysis. HL, AJ, JZ, DZ, LS and CZ collected the samples. CS, XbZ, and BZ discussed the data analysis. CS and BZ generated the idea, designed the experiment, and wrote the manuscript. All authors agreed to be responsible for their own part of the work.



FUNDING

This work was supported by grants from Major International (Regional) Joint Research Project (81820108017, BZ), Natural Science Foundation of China (81771673, BZ), Young Talent Program of Xi’an Jiaotong University (YX1J005, BZ), COVID-19 special project of Xi’an Jiaotong University Foundation (xzy032020002, BZ), COVID-19 special project funded by Qinnong Bank and Xi’an Jiaotong University (QNXJTU-01, BZ), Natural Science Foundation of Shaanxi Province (2020JM-065, XZ and 2020JQ-098, LL), and Project funded by China Postdoctoral Science Foundation (2019M653673, XY).



ACKNOWLEDGMENTS

We would like to thank Prof. Enqi Liu from Laboratory Animal Center for mouse colony maintenance, and Prof. Chen Huang and Dr. Xiaofei Wang from Department of Cell Biology and Genetics for flow cytometric analysis and cell-sorting.



REFERENCES

Ballen, K. K., and Spitzer, T. R. (2011). The great debate: haploidentical or cord blood transplant. Bone Marrow Transplant. 46, 323–329. doi: 10.1038/bmt.2010.260

Caza, T., and Landas, S. (2015). Functional and phenotypic plasticity of CD4(+) T cell subsets. Biomed Res. Int. 2015:521957. doi: 10.1155/2015/521957

Chen, L., Cohen, A. C., and Lewis, D. B. (2006). Impaired allogeneic activation and T-helper 1 differentiation of human cord blood naive CD4 T cells. Biol. Blood Marrow Transplant. 12, 160–171. doi: 10.1016/j.bbmt.2005.10.027

de Roock, S., Stoppelenburg, A. J., Scholman, R., Hoeks, S., Meerding, J., Prakken, B. J., et al. (2013). Defective TH17 development in human neonatal T cells involves reduced RORC2 mRNA content. J. Allergy Clin. Immunol. 132, 754–756.e3. doi: 10.1016/j.jaci.2013.04.014

Debock, I., and Flamand, V. (2014). Unbalanced neonatal CD4(+) T-cell immunity. Front. Immunol. 5:393. doi: 10.3389/fimmu.2014.00393

Fernandez, M. A., Puttur, F. K., Wang, Y. M., Howden, W., Alexander, S. I., and Jones, C. A. (2008). T regulatory cells contribute to the attenuated primary CD8+ and CD4+ T cell responses to herpes simplex virus type 2 in neonatal mice. J. Immunol. 180, 1556–1564. doi: 10.4049/jimmunol.180.3.1556

Haines, C. J., Giffon, T. D., Lu, L. S., Lu, X., Tessier-Lavigne, M., Ross, D. T., et al. (2009). Human CD4+ T cell recent thymic emigrants are identified by protein tyrosine kinase 7 and have reduced immune function. J. Exp. Med. 206, 275–285. doi: 10.1084/jem.20080996

Hofstetter, H. H., Kovalovsky, A., Shive, C. L., Lehmann, P. V., and Forsthuber, T. G. (2007). Neonatal induction of myelin-specific Th1/Th17 immunity does not result in experimental autoimmune encephalomyelitis and can protect against the disease in adulthood. J. Neuroimmunol. 187, 20–30. doi: 10.1016/j.jneuroim.2007.04.001

Holt, P. G. (2004). The role of genetic and environmental factors in the development of T-cell mediated allergic disease in early life. Paediatr. Respir. Rev. 5(Suppl. A), S27–S30. doi: 10.1016/S1526-0542(04)90006-1

Luckheeram, R. V., Zhou, R., Verma, A. D., and Xia, B. (2012). CD4(+)T cells: differentiation and functions. Clin. Dev. Immunol. 2012:925135. doi: 10.1155/2012/925135

Nelson, R. W., Rajpal, M. N., and Jenkins, M. K. (2015). The neonatal CD4+ T cell response to a single epitope varies in genetically identical mice. J. Immunol. 195, 2115–2121. doi: 10.4049/jimmunol.1500405

Palin, A. C., Ramachandran, V., Acharya, S., and Lewis, D. B. (2013). Human neonatal naive CD4+ T cells have enhanced activation-dependent signaling regulated by the microRNA miR-181a. J. Immunol. 190, 2682–2691. doi: 10.4049/jimmunol.1202534

Pawlak, M., Ho, A. W., and Kuchroo, V. K. (2020). Cytokines and transcription factors in the differentiation of CD4(+) T helper cell subsets and induction of tissue inflammation and autoimmunity. Curr. Opin. Immunol. 67, 57–67. doi: 10.1016/j.coi.2020.09.001

Pepper, M., and Jenkins, M. K. (2011). Origins of CD4(+) effector and central memory T cells. Nat. Immunol. 12, 467–471. doi: 10.1038/ni.2038

Rocha, V., Wagner, J. E. Jr., Sobocinski, K. A., Klein, J. P., Zhang, M. J., Horowitz, M. M., et al. (2000). Graft-versus-host disease in children who have received a cord-blood or bone marrow transplant from an HLA-identical sibling. Eurocord and international bone marrow transplant registry working committee on alternative donor and stem cell sources. N. Engl. J. Med. 342, 1846–1854. doi: 10.1056/NEJM200006223422501

Rose, S., Lichtenheld, M., Foote, M. R., and Adkins, B. (2007). Murine neonatal CD4+ cells are poised for rapid Th2 effector-like function. J. Immunol. 178, 2667–2678. doi: 10.4049/jimmunol.178.5.2667

Rudd, B. D. (2020). Neonatal T cells: a reinterpretation. Annu. Rev. Immunol. 38, 229–247. doi: 10.1146/annurev-immunol-091319-083608

Ruterbusch, M., Pruner, K. B., Shehata, L., and Pepper, M. (2020). In Vivo CD4(+) T cell differentiation and function: revisiting the Th1/Th2 paradigm. Annu. Rev. Immunol. 38, 705–725. doi: 10.1146/annurev-immunol-103019-085803

Sallusto, F., Geginat, J., and Lanzavecchia, A. (2004). Central memory and effector memory T cell subsets: function, generation, and maintenance. Annu. Rev. Immunol. 22, 745–763. doi: 10.1146/annurev.immunol.22.012703.104702

Smith, N. L., Patel, R. K., Reynaldi, A., Grenier, J. K., Wang, J., Watson, N. B., et al. (2018). Developmental origin governs CD8(+) T cell fate decisions during infection. Cell 174, 117–130.e14. doi: 10.1016/j.cell.2018.05.029

Wang, G., Miyahara, Y., Guo, Z., Khattar, M., Stepkowski, S. M., and Chen, W. (2010). “Default” generation of neonatal regulatory T cells. J. Immunol. 185, 71–78. doi: 10.4049/jimmunol.0903806

Wilson, C. B., and Kollmann, T. R. (2008). Induction of antigen-specific immunity in human neonates and infants. Nestle Nutr. Workshop Ser. Pediatr. Program. 61, 183–195. doi: 10.1159/000113493

Yan, C., and Richmond, A. (2020). Th9 and Th17 cells: the controversial twins in cancer immunity. J. Clin. Invest. 130, 3409–3411. doi: 10.1172/JCI138418

Zhang, B., Jia, Q., Bock, C., Chen, G., Yu, H., Ni, Q., et al. (2016). Glimpse of natural selection of long-lived T-cell clones in healthy life. Proc. Natl. Acad. Sci. U.S.A. 113, 9858–9863. doi: 10.1073/pnas.1601634113

Zhang, B. J., Wu, J. X., Jiao, Y. Q., Bock, C., Dai, M. F., Chen, B., et al. (2015). Differential requirements of TCR signaling in homeostatic maintenance and function of dendritic epidermal T cells. J. Immunol. 195, 4282–4291. doi: 10.4049/jimmunol.1501220

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.

Copyright © 2021 Lei, Zhang, Yang, Su, Liu, Yang, Wang, Zou, Wang, Jiao, Zhang, Zheng, Zhang, Zhang, Shi, Zhou, Sun and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fcell-09-659744-g006.jpg
vy

Tracked
neonatal

Tracked
adult

Adult

Neonatal

80-
o)
%3\, 60-
Th1 o
S8 40+
O «—
S £ 20-
0
o 100 10 105 1
IFN-y
LDO 5 lDO 5 LDC) . l‘.’C) - C
] ] ] ] 20
- 9.29 - 3.15 ] 4.16 - 2.81 .
O /:; ! *%k%
‘fo ) %2\/ 15- I *k%k%
N o L
<t 1 £ D 10- ol
- S
Th2 O _§ mg_é "’EE &) ﬁ 5_ s
o—i o—i o—i O . . _
; T T TTTTmg T TTTmg T T TTTmy rrrTTTT ; LR | T T 1Ty T T 1T LI R R I T T TTTTg T T TTTmg T TTTmy rrrTTTT ; T T TTTTg T TTTmg T TTTmy rrrTTTT N A TN TA D N neonatal
0 108 104 10° 10' 0 108 104 105 10 0 108 104 105 1C 0 104 105 108
A-adult
) ) ) D
"3 "3 =E TN-tracked
) ) ) 1 ) ] 55 158 | Kk dk . neonatal
‘9_5 ‘9? 5414 \9? 5079 %CZD 30- [ ******** | . TA-tracked
Th17 | = ' “ - £8 e0f . adul
) S~ 40- -
" O
& 0 . .
T T T TTrTmmg LI | T T TTTmm T T TTTmT T T T TT1rrmmm T Ty T T T T TTTmT T 1T T 71T T Ty T LI RLL T T T T 1T LI | LI | T T 1T N A TN TA
0 108 104 105 0 03 04 105 108 0 03 04 0% 0% 0 10 10 105
IL-17
©O (OO ©O ©O E
AR * -
o ] o o oo
- 2 4 2 @ < 30-
O : : © 5
Treg § *: 3 5%
O"’e; "’e; "’e; EIG’:} 1%

0

10>






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A Genetic Model Reveals Biological Features of Neonatal CD4 Helper Cells Undergone Homeostasis in Mice



		INTRODUCTION



		MATERIALS AND METHODS



		Mice and Reagents



		Tamoxifen Treatment



		Flow Cytometry



		T Cell Culture



		T Helper Cell Differentiation in vitro



		Statistical Analysis







		RESULTS



		Effector/Memory-Like Cells Accumulate in Tracked-Neonatal CD4+ T Cells



		Early and Late Activation of Tracked Neonatal CD4+ T Cells and Controls



		Tracked Neonatal CD4+ T Cells Acquire Equal Proliferative Ability as Adult Counterparts



		Activation Induced Apoptosis of Neonatal CD4+ T Cells and Controls



		Differentiation Potential of Tracked Neonatal and Control CD4+ T Cells







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

A Genetic Model Reveals
Biological Features of Neonatal
CD4 Helper Cells Undergone
Homeostasis in Mice









OPS/images/fcell-09-659744-g005.jpg
24hrs

48hrs

Neonatal

Tracked
neonatal

-10'0

Tracked
adult

0.30 19.98

TR~
0 103 104 108

10° 10 10°

T .:||nm| T
0 10° 104 108

Percentage of early

Percentage of early O

Early apoptosis

pa
>
2
>

;\?25- Kok ke k

@ 20- | * %k k

6 *k*k*%k

; 151 \ \ ns

5 101

2 g | \

o

© 0 ; . -_i_
N A TN TA

;\340- I *k*%k

g 30- — * k%

8 I

© 20 \ ns

S - | |

8— 101

o

@© C - i_i_

a1 O
SRR

= N W H
SR

Percentage of late
apoptotic cells (%)

o o

Late apoptosis

* k%

I *k%
*kkk
| ns

a1

m

Z 100

o
S 9

)
o

Percentage of late
apoptotic cells (%
N
2

o

N A TN TA

N1l
A TN TA

A

Z

N-neonatal

A-adult

TN-tracked
neonatal
TA-tracked
adult





OPS/images/fcell-09-659744-g004.jpg
24hrs

48hrs

Neonatal

21.78

Adult

10.09

100

Tracked
neonatal

6.64

5

Tracked
adult

100

100

Percentage of Ki67+ €

S S

2

=N WD O
<

CD4+ T cells (%)

*kk*%k

I *k*k*%k

| *kk*k

Percentage of Ki67+

o O

CD4+ T cells (%)

N TA

N TA

N-neonatal

A-adult

TN-tracked
neonatal
TA-tracked
adult





OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





OPS/images/fcell-09-659744-g003.jpg
TN-tracked

|:| N-neonatal
H
]

TA-tracked

neonatal
adult

A-adult

N TA
N TA

N TA

24h
A

- Z

N A
I *k*k%k
I *kk*%k
T —
N A

OO0 QOO0 Oo
NS0T N
D u e

S||90 ,69Q9D Jo 8bejusoiad  S|180 ,GZQD Jo abejusolad  S|199 L HD Jo abejusoled

-

_

OO OO0 OO o o o o N O 10 O 1O O
NO DO F N <) N - N © < ® «—
1

<~

s|199 6909 J0 abejusiad S[|80 ,G2AD Jo ebejusaiad  S|I189 QD Jo abejusolied

S_H“
c
- 7! | 1< : ﬁ+ -
- Z — = T_ - Z — _|_ - Z
R8888K° °© 29393 HEIS =SSl S
S||90 ,69QD Jo 8bejusoie4  SIISY ,G¢dD 40 sbejusosad SIS ,¥0D 40 obejusoIed
<L m (&)

N TA

TN TA
]

TN TA

*k%*
*kk*k

A
.
N A

12h

A
I *kk*k
I **k*%k%

- Z

TA

N TA
5

TN
™N TA

*k*
*%*

6h
A

A






OPS/images/fcell-09-659744-g002.jpg
Tracked

Tracked

Neonatal Adult
neonatal adult
"18.73% 10.50%| ~ 110.55% 11.26%| ~ 16.28% 14.14%| = 15.59% 5.76%
SP | !
M1 31% o - ©13.26% | 1 M8’85.40%
q- ”“II.I”””{03 ' 104 10 i 0 103‘ 104 10¢ ) 0 108 104 l ”””1105 ””I“”””1IO3 | 1|04 ' II””1I05
S @ @ @
O 16.87% 597%| ~312.98% 4.04%| ~15.34% 7.88%| 12.96% 4.97%
LN |
- A9 TE62.63%| 1437, 61%| =16.00%]| " MB0.77%| =] 2.20% AP0 85%
I1|o3 ' 1lo4 ' ”'m{c 0 103 104 ' ”””1105 c|)1o3 I '””754 I ”””1105 ””'”“””1'03 ] 104 105
CD62L
C D
E § 23 K%k * Kk kK QED O\E 20; *% *kkk % <o\ 120, * kit
~ © 20 Z 2 45 ~ o
5815 o8 °F &
o > 10/ T >° 60
£ & 107 T € & T + 40-
QAN QA 5- QY
O 5- S0 0 20
[0} O ) o O
oS o , , o< o ’ . o 0
N A TN TA N A N TA
g ns *kk Kk F . G °
E c1\018- [« L§) S 10 | ns ki ok _c% < 120
Ceel T - o 8l = ¢ < 100-
o o @ | \ ‘G 2 80-
o © o © 61 — o 8
S 4 T & T g 60
% -t % & 4 T + 40
S0 2; 33 o S8 20
() () o O
oS : : oS o : : o 0 : .
N A ™ TA N A ™ TA N A ™ TA

N-neonatal

A-adult

TN-tracked
neonatal

TA-tracked
adult





OPS/images/fcell-09-659744-g001.jpg
Tamoxifen

v
D1-5

owk old

f_%
o L] YeP  awks  (
Newborn >

Tamoxifen

v
D1,3,5

—— D (/
6wk old L] ;v _____ 4wks

Neonatal

Adult

Sample

~ collection

Tracked neonatal

Tracked adult

CD4

-' I.IIII| T TTTT
0 108

ZsGreen

III| T T IIIIII| LN
104 10°

108






