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Abstract: L-Arginine is an important nutrient in the infant diet that significantly regulates the matu-
ration of the immune system in neonates, including the maturation of CD4+ T cells. The biological
activities of CD4+ T cells differ substantially between neonates and adults, and these differences may
be governed by epigenetic processes. Investigating these differences and the causative processes may
help understand neonatal and developmental immunity. In this study, we compared the functional
DNA methylation profiles in CD4+ T cells of neonates and adults, focusing on the role of L-arginine
supplementation. Umbilical cord blood and adult CD4+ T cells were cultured with/without L-
arginine treatment. By comparing DNA methylation in samples without L-arginine treatment, we
found that CD4+ T cells of neonatal cord blood generally showed higher DNA methylation than
those of adults (average CpG methylation percentage 0.6305 for neonate and 0.6254 for adult, t-test
p-value < 0.0001), suggesting gene silencing in neonates. By examining DNA methylation patterns of
CpG dinucleotides induced by L-arginine treatment, we found that more CpG dinucleotides were
hypomethylated and more genes appeared to be activated in neonatal T-cells as compared with adult.
Genes activated by L-arginine stimulation of cord blood samples were more enriched regarding
immune-related pathways. CpG dinucleotides at IL-13 promoter regions were hypomethylated
after L-arginine stimulation. Hypomethylated CpG dinucleotides corresponded to higher IL-13 gene
expression and cytokine production. Thus, DNA methylation partially accounts for the mechanism
underlying differential immune function in neonates. Modulatory effects of L-arginine on DNA
methylation are gene-specific. Nutritional intervention is a potential strategy to modulate immune
function of neonates.

Keywords: neonate; cytokines; T cells; epigenetics; L-arginine

1. Introduction

Discrepancies in biomolecules of immune cells between newborns and adults con-
tribute to differences in microbial susceptibility and atopic properties [1–5]. Such immune
differences are manifested in differential cell subset constitutions, immune responses, and
distinct cellular or humoral molecules. In a previous study, some proteins differentially
abundant between adult and neonatal mononuclear cells were identified. Among them,
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adenosine deaminase decreased and arginase-1 increased in neonatal mononuclear cells,
which indicated the correction of impaired immune response in newborns [5]. Arginine,
a semi-essential amino acid, plays a crucial role in wound healing, tissue integrity main-
taining, immune function, reproduction, and fetal development [6–10]. Our previous
study showed that neonatal blood has lower arginine concentrations than adult [11]. In
premature neonates, hypoargininemia is more frequently observed [12] and hypothesized
to predispose such infants to the development of necrotizing enterocolitis and respiratory
distress syndrome in preterm infants [13,14]. Tomlinson et al. found that an infant receives
about 45 mg/kg/d of arginine from human milk. However, assuming 2 g/kg/d net protein
accretion, healthy neonates require at least 140 mg/kg/d of arginine for protein synthesis
alone [15]. Arginine is supplied in quantities that are much less than the needs of the
neonate in human breast milk and most infant formulas. Under stress and other catabolic
conditions when the capacity of endogenous arginine synthesis is exceeded, arginine will
be insufficiency. Different modulation effects of L-arginine on neonatal leukocytes have also
been shown to mediate through an interleukin-2 independent pathway [11]. We further
postulate that this metabolic regulation of T cell functions might be relevant to epigenetic
regulations.

Epigenetics comprise numerous biological processes that alter gene expression with-
out changing the DNA sequence. Adequate regulation of activating or silencing key genes
is crucial for effective immune functions and to prevent dysfunctions such as allergies or
autoimmunity [16], thus epigenetic mechanisms are most likely crucial for immune system
homeostasis. In previous studies, we observed that prenatal insult can exert considerable ef-
fects on innate and adaptive immunity of the offspring through histone modification [17,18].
Recently, the essential regulatory roles of specific miRNAs in neonatal immune responses
have been reviewed [19]. For example, miR-184 was reported to regulate nuclear factor
of activated T cells-1 (NFAT1) in neonatal CD4 T cells [20]; miR-146a and miR-155 down-
regulate Toll-like receptor signals of neonatal monocytes and plasmacytoid dendritic cells,
respectively [21,22]; and miR-125b, miR-142-3p, and let-7g downregulate LPS-induced
cytokine production in neonatal monocytes/polymorphonuclear leukocytes [23,24]. Func-
tional miRNA signatures of specific immune cell subsets were also shown to differ between
neonates and adults [25]. These findings may be of use to further our understanding of the
differential immune response in neonates.

DNA methylation also plays an important and dynamic role in regulating gene expres-
sion. Regarding immune functions, changes in DNA methylation have been demonstrated
to affect differential secretion of Th1 and Th2 cytokines [26]. Moreover, demethylation
of cytosine-guanine (CpG) motifs of the forkhead box transcription factor (FOXP3) is
positively correlated with its mRNA expression in CD4+CD25hi T cells and suppressive
capacity of regulatory T cells (Treg) [27]. These insights highlight the importance of DNA
methylation for T cell polarization. Few studies focused on DNA methylation variation
contributing to altered immune function in neonates [28,29]. White et al. reported that
neonatal CD4/CD45RO- T cells, but not CD8+ T cells, are hypermethylated at CpG within
and adjacent to the IFN-γ promoter [28,30]. This methylation difference corresponded to
impaired IFN-γ production in neonatal CD4+ T cells [30]; however, neonatal CD8+ T cells
and NK cells were less methylated and were comparable with those of adults. In a previ-
ous study, we also demonstrated that L-arginine enhances IL-10 production of neonatal
Treg through decreasing methylation of IL-10 promoter [31]. Interestingly, the function
promoting effect of L-arginine on neonatal Treg is selective and occurs in IL-10 but not in
TGF-β [31]. Immune functions differ considerably between adults and neonates due to
immaturity of the neonate immune system and minimal exposure to pathogens [19]. T cells
play a critical role in adaptive immunity and determining the specificity of DNA methy-
lation profiles in T cells is important for comprehensive understanding of the neonatal
immune systems. In this study, we explored the differences of functional DNA methyla-
tion profiles between PHA-stimulated neonatal and adult CD4+ T cells. Furthermore, we
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observed that certain cytokines were modulated by L-arginine through DNA methylation
modification.

2. Materials and Methods
2.1. Subject Enrollment

Adult peripheral blood (AD) samples were collected from healthy volunteers aged
20–40 years, and umbilical cord blood (CB) samples were collected with informed consent
from cases of elective cesarean section or normal spontaneous delivery by healthy mothers
(Table 1). Pregnant women with pregnancy related complication such as gestational
diabetes, hypertension, preeclampsia, preterm labor or gestational infection were excluded.
In summary, we collected 15 neonatal cord blood samples and 15 adult peripheral blood
samples for CD4+ T cell purification. For each sample, half of the collected CD4+ cells were
subjected to L-arginine treatment and the remaining half were not. As a result, we collected
15 sets of cord blood CD4+ cells without L-arginine treatment (CC set), 15 sets of cord
blood CD4+ cells with L-arginine treatment (CT set), 15 sets of adult CD4+ cells without
L-arginine treatment (AC set) and 15 sets of adult CD4+ cells with L-arginine treatment
(AT set). Among the collected CD4+ cells, a fraction of them (three CC, three CT, three
AC and three AT sets) was used for DNA extraction and M850 assays to determine DNA
methylation. The remaining sets of CD4+ cells (12 CC, 12 CT, 12 AC and 12 AT sets) were
used for qPCR and ELISA assays. This study was approved by the institutional ethics
board (IRB number: 103-3725A3 and 20170204A3) of Kaohsiung Chang Gung Memorial
Hospital and was carried out in accordance with the regulations.

Table 1. The summary of significantly altered CpG dinucleotides, genes and enriched pathways.

Comparison CpG Dicuelcotides Gene Enriched Pathway

CT vs. CC 3797 1390 50

AT vs. AC 617 296 18

AC vs. CC 33,150 7730 24

We first identified significantly methylated CpG dinucleotides in comparisons. Then,
by mapping the CpG dinucleotides back to genome, we identified the genes whose pro-
moter regions were located by the mapped CpG dinucleotides. Finally, pathway enrichment
analysis identified the pathways significantly enriched by the genes according to KEGG an-
notation. The detailed pathway information was available in Supplementary Tables S2–S4.
The p-value of pathway enrichment analysis is calculated based on hypergeometric distri-
bution.

2.2. Cell Enrichment, Cell Culture and L-Arginine Treatment

Whole blood samples were obtained from peripheral blood vessels or from the um-
bilical cord, followed by CD4+ T cells enrichment by using BD IMag™ anti-human CD4
Particles (Cat # 557767, BD, Franklin Lakes, NJ, USA) as described previously [3,11,25]. In
summary, in each run of enrichment, 107 leukocyte cells and 50 µL CD4+ beads were mixed
thoroughly in a tube and incubated at room temperature for 30 min. Then, 1 mL BD IMag
buffer was added and the solution was transferred into FACS tube. By placing the FACS
tube in strong magnetic field for 8–10 min, CD4+ T cells attached onto the internal wall of
the tube so that the supernatants could be carefully removed. Next, the tube was placed out
of the magnetic field and washed twice with the IMag buffer to collect CD4+ T cells. The
purity of CD4+ T cells was further confirmed to be >95% by flow cytometry. CB or adult
CD4+ T cells (2 × 106 cells per mL) were stimulated with purified phytohemagglutinin
(PHA, 10 µg/mL; L1668, Sigma-Aldrich, St. Louis, MO, USA) in 1-cm culture plates with L-
arginine-free medium (SILAC R1780 SIGMA RPMI-1640 Medium; Sigma-Aldrich) and 10%
heat-inactivated fetal bovine serum, 1 mM glutamine, 1 mM sodium pyruvate, 50 mg/L,
L-leucine, 40 mg/L, L-lysine, and 1 × non-essential amino acids (Gibco; Thermo Fisher
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Scientific, Waltham, MA, USA), 100 IE/mL penicillin. For the differential treatment, CB or
adult CD4+ T cells were stimulated in the medium containing phytohemagglutinin (PHA)
with exogenous supplementation of 1150 µM L-arginine (Sigma-Aldrich), the L-arginine
concentration in the commercialized regular RPMI (https://www.thermofisher.com/tw/
zt/home/technical-resources/media-formulation.114.html, accessed on 1 July 2021). In
total, four experimental sets were used: CB CD4+ T cells without L-arginine treatment
(set CC), CB CD4+ T cells with L-arginine treatment (set CT), adult CD4+ T cells without
L-arginine treatment (set AC), and adult CD4+ T cells with L-arginine treatment (set AT).
After 48 h, cell pellets and supernatants were collected for methylation and mRNA assays
and cytokine production assays. The cell culture supernatants were used for measuring
IFN-γ, IL-4, IL-17A and IL-13 using ELISAs.

2.3. DNA Methylation Assay

CD4+ cells of the four experimental sets (CC, CT AC and AT) were first subjected to
DNA extraction with the QIAamp® DNA Blood Mini Kit (Qiagen, Hilden, Düsseldorf,
Germany) to extract DNA by following the manufacturer’s instructions. Then, the collected
DNA samples were further subjected to bisulfite conversion with EZ DNA Methylation-
Lightning TM Kit (Zymo Research, Irvine, CA, USA). Briefly, 0.5 g of DNA per reaction was
mixed with lightning conversion reagent for reactions, followed by being loaded into spin
column and mixed with M-binding buffer for centrifuge. The Bisulfite-converted DNA
samples were used for genome-wide examination of DNA methylation using the Infinium
MethylationEPIC BeadChip (M850K assay; Illumina, San Diego, CA, USA) which measures
methylation proportions (termed β-values) of approximately 850,000 CpG dinucleotides.
Three independent samples of each treatment set were used in the M850K assay, resulting
in methylation data of 12 samples. Significantly methylated CpG dinucleotides were
conducted with ANOVA by using Partek (Qiagen, Hilden, Germany) to test the differences
in β-values between sets CC and AC. DNA methylation data was analyzed with Partek
(Qiagen, Germany) to identify the significantly methylated CpG dinucleotides.

2.4. Reverse-Transcription qPCR and ELISAs

To examine gene expression variation, we conducted qPCR assays. In summary, total
cellular RNA was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s instruction. A total of 100 ng of collected RNA was subjected
to reverse transcription for 60 min at 42 ◦C. Then, the cDNA products were subjected
to PCR amplification with specific primers and SYBR GREEN master mix quantification
for amplifying. The Sequences of the PCR primers are shown in Supplementary Table
S1. The PCR steps were activated by heating for 10 min at 95 ◦C for 1 cycle, then for 15 s
at 95 ◦C, and finally for 60 s at 60 ◦C for 40 cycles in a PCR mix containing 2 µL of the
cDNA template, 0.5 µL of 10 µM primer, and 5 µL of SYBR GREEN master mix in a total
volume of 20 µL. These PCR assays included a negative control without a template to
ensure absence of contamination. All reactions were performed in triplicate in an ABI
7500 sequence detection system (Applied Biosystems, Perkin-Elmer, Foster City, CA, USA).
In addition to mRNA levels of the interested genes, we also applied ELISA to measure the
concentrations of the interested proteins secreted by CD4+ T cells. In summary, 72 h after
culture, cell-free culture supernatants were collected and assayed for cytokine production
with Enzyme-linked immunosorbent assay (ELISA). In this study, four proteins were mea-
sured with individual ELISA kit as follow: IL-4 (Cat # BMS225HS, eBioscience, Vienna,
Austria), IL-17A (Cat # 88-7176-88, eBioscience), IFN-γ (Cat # 88-7316-88, eBioscience) and
IL13 (Cat #DY213, R&D Systems Inc., Minneapolis, MN, USA). We conducted ELISAs by
following the manufacturers’ instructions.

2.5. Statistics Analysis

The Mann–Whitney U test or Fisher’s t-test was used to calculate the p-values. Results
with a p-value of less than 0.05 were considered to be statistically significant. All statistical
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tests were performed using the SPSS 22.0 for Windows XP (SPSS, Inc., Chicago, IL, USA).
Data was presented as mean ± SEM.

3. Results
3.1. Correlation of Overall DNA Methylation Patterns with CC and AC Treatments

We enrolled subjects for collecting adult peripheral-blood CD4+ T cells or neonatal
cord-blood CD4+ T cells. We examined differences in DNA methylation patterns by using
DNA methylation microarray assays between CC and AC sets and, focusing on the intrinsic
variation due to L-arginine stimulation in adult and neonate samples. As a result, each CpG
dinucleotide had two average β-values (the methylation percentage of a CpG dinucleotide,
βcc from the three CC and βac from the three AC samples). Then, we categorized them
based on the βcc value. We produced X-Y scatter plots for each chromosome. In total,
82,014 CpG dinucleotides occurred in chromosome 1, and the data were plotted based on
the sorted βcc values (Figure 1; x-axis: βcc values; y-axis: βac values). Figure 1 shows that
the patterns of 22+XY chromosomes were similar, and overall βcc and βac (y-axis) were
highly correlated in chromosomes. For a more comprehensive comparison, we re-sorted the
β-values without considering chromosome difference and produced a plot (Supplementary
Figure S1). A similar pattern as in Figure 1 was observed, and a strong positive correlation
between βcc and βac was confirmed (Pearson’s r = 0.9874, p < 0.0001).

Nutrients 2021, 13, x FOR PEER REVIEW 5 of 16 
 

 

2.5. Statistics Analysis 
The Mann–Whitney U test or Fisher’s t-test was used to calculate the p-values. Re-

sults with a p-value of less than 0.05 were considered to be statistically significant. All 
statistical tests were performed using the SPSS 22.0 for Windows XP (SPSS, Inc., Chicago, 
IL, USA). Data was presented as mean ± SEM. 

3. Results 
3.1. Correlation of Overall DNA Methylation Patterns with CC and AC Treatments 

We enrolled subjects for collecting adult peripheral-blood CD4+ T cells or neonatal 
cord-blood CD4+ T cells. We examined differences in DNA methylation patterns by using 
DNA methylation microarray assays between CC and AC sets and, focusing on the in-
trinsic variation due to L-arginine stimulation in adult and neonate samples. As a result, 
each CpG dinucleotide had two average β-values (the methylation percentage of a CpG 
dinucleotide, βcc from the three CC and βac from the three AC samples). Then, we cat-
egorized them based on the βcc value. We produced X-Y scatter plots for each chromo-
some. In total, 82,014 CpG dinucleotides occurred in chromosome 1, and the data were 
plotted based on the sorted βcc values (Figure 1; x-axis: βcc values; y-axis: βac values). 
Figure 1 shows that the patterns of 22+XY chromosomes were similar, and overall βcc 
and βac (y-axis) were highly correlated in chromosomes. For a more comprehensive 
comparison, we re-sorted the β-values without considering chromosome difference and 
produced a plot (Supplementary Figure S1). A similar pattern as in Figure 1 was ob-
served, and a strong positive correlation between βcc and βac was confirmed (Pearson’s r 
= 0.9874, p < 0.0001). 

 
Figure 1. Scatter plot of neonatal and adult CpG methylation in chromosomes. We determined β-values (methylation 
proportion) of CpG dinucleotides using M850K assays. Each CpG dinucleotide has one βcc and one βac value. The former 
and the latter were derived from three CC and three AC samples, respectively, without L-arginine treatment. For each 
chromosome, we tabulated βcc and one βac values by sorting the βcc values. Then, we made scatter plots (X-axis: βcc; 
Y-axis: βac). Although overall highly correlated, βcc and βac values of specific CpG dinucleotides can vary substantially. 
CC and CT refer to cord blood CD4+ T cells without and with L-arginine treatment, respectively. AC and AT refer to adult 
blood CD4+ T cells without and with L-arginine treatment, respectively. 

3.2. Methylation Proportions of CpG Dinucleotides in CC and AC 
Despite the strong correlation of βcc and βac, Figure 1 shows several data points 

(CpG dinucleotides) with substantial variation between βcc and βac. We thus examined 
the intrinsic differences in DNA methylation between CC and AC treatment sets. For 
CpG dinucleotides in each chromosome, we first calculated the average β-values of each 
chromosome. For examples, the 82,014 CpG dinucleotides in chromosome 1 resulted in 
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Figure 1. Scatter plot of neonatal and adult CpG methylation in chromosomes. We determined β-values (methylation
proportion) of CpG dinucleotides using M850K assays. Each CpG dinucleotide has one βcc and one βac value. The former
and the latter were derived from three CC and three AC samples, respectively, without L-arginine treatment. For each
chromosome, we tabulated βcc and one βac values by sorting the βcc values. Then, we made scatter plots (X-axis: βcc;
Y-axis: βac). Although overall highly correlated, βcc and βac values of specific CpG dinucleotides can vary substantially.
CC and CT refer to cord blood CD4+ T cells without and with L-arginine treatment, respectively. AC and AT refer to adult
blood CD4+ T cells without and with L-arginine treatment, respectively.

3.2. Methylation Proportions of CpG Dinucleotides in CC and AC

Despite the strong correlation of βcc and βac, Figure 1 shows several data points
(CpG dinucleotides) with substantial variation between βcc and βac. We thus examined
the intrinsic differences in DNA methylation between CC and AC treatment sets. For
CpG dinucleotides in each chromosome, we first calculated the average β-values of each
chromosome. For examples, the 82,014 CpG dinucleotides in chromosome 1 resulted in
an average β-value of 0.6175 in CC and in an average β-value of 0.6140 in AC (Figure 2a).
By comparing 24 chromosomes, we found that the CpG dinucleotides in set CC gener-
ally produced higher average β-values than in set AC in most chromosomes (except for
chromosomes 17 and 19), suggesting higher methylation levels in CpG dinucleotides of
neonatal T cells compared to those of adults. We further conducted a more detailed com-
parison by calculating the proportion of cases in which βcc was larger than βac for all CpG
dinucleotides in each chromosome. For example, 56.85% of the 82,014 CpG dinucleotides
in chromosome 1 had higher β-values in set CC than in set AC (Figure 2b). This trend
was consistently observed in all chromosomes, including chromosome 17 and 19, and the
CC > AC difference was significant (p < 0.0001).
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Figure 2. Comparisons of neonatal and adult CpG methylation in chromosomes. (a) The comparison
was conducted based on the average β-values of CpG dinucleotides in each chromosome. (b) The
comparison was conducted based on the percentage of cases in which βcc was larger than βac. In the
‘All’ set, this βcc > βac tendency was significant (Fisher’s t-test, p < 0.001).

3.3. Genes with Significantly Different CpG Dinucleotides between CC and AC Samples Were
Mainly Involved in Cell Adhesion and Metabolism

Apart from general differences in DNA methylation, we also identified genes with sig-
nificant differences in CpG dinucleotides between sets CC and AC. As shown in a principal
component analysis plot (Figure 3a) based on DNA methylation profiles, the CC samples
were clearly separated from the AC samples, suggesting high discrimination between CC
and AC samples. Specifying false discovery rate (FDR) < 0.05 and β-variation > 0.1, 33, 150
CpG dinucleotides showed significant variation with 14,699 CpG dinucleotides hyperme-
thylated and 18,451 CpG dinucleotides hypomethylated in AC samples (Figure 3b).

To identify the genes regulated by these significant CpG dinucleotides, CpG dinu-
cleotides were mapped back to the genome, and we examined whether they were located
at the putative promoter regions (−5000 upstream to +3000 downstream of transcription
start site) of genes as suggested in a previous study [32]. As a result, 11,660 CpG dinu-
cleotides were found to be located at the respective promoter regions of 7730 genes. We
further conducted a pathway enrichment analysis on these genes using Partek. As shown
in Supplementary Table S2, 24 significant pathways were identified, and most of them
were associated with synthesis of cell adhesion molecules and metabolic functions. The
summary of significantly altered CpG dinucleotides, genes and enriched pathways was
also available in Table 1.
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3.4. Expression Intensity and DNA Methylation of T Cell-Specific Genes

Since hypermethylation in DNA typically leads to lower gene expression, we tested
whether such relationships occurred in CD4+-specific genes associated with T cells polar-
ization, including IFNG, IL-17A, and IL-4. Between CC and AC samples, we first tabulated
the significantly different CpG dinucleotides located within the putative promoter regions
(−5000 upstream to +3000 downstream of the transcription start site). Then, we compared
gene expression in CD4+ cells using a qPCR assay and we also measured protein concen-
trations in the medium using an ELISA. As shown in Figure 4, the IFNG results showed
high DNA methylation in both AC and CC samples, and CC samples had a higher CpG
methylation than AC samples associated with a significantly lower IFNG mRNA expres-
sion level than AC samples; in addition, the levels of protein secreted into the medium was
comparative to the mRNA expression.

IL-17A which also showed higher methylated CpG dinucleotides in CC samples had
lower levels of mRNA expression, and lower protein concentrations in CC samples. How-
ever, the higher IL-4 methylation levels in CC samples were associated with higher mRNA
expression levels in cells and higher protein concentrations in the medium, indicating a
contradictory correlation. These results implied that in addition to DNA methylation, gene
expression of IL-4 was regulated also by other mechanisms.
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0.001 and 0.0001, respectively.
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3.5. Enrichment of Genes Activated by L-Arginine Treatment

Supplementary Table S2 shows that the genes with differential CpG dinucleotides
between sets CC and AC (without L-arginine supplementation) were mostly associated
with metabolic functions. In previous studies, we found that L-arginine can modulate
neonatal lymphocyte proliferation and regulatory T cell DNA methylation [11,31]. Most
genes in neonatal CD4+ cells seemed to be less activated than those in adult CD4+ cells,
thus we assessed which genes and which pathways were activated by L-arginine treatment.
To answer this question, we identified the significant (p < 0.05, t-test; β-difference > 0.05)
CpG dinucleotides (hypomethylated with L-arginine treatment) by comparing set CT with
set CC and AT with AC, after which we identified the genes regulated by these significant
CpG dinucleotides. In total, 3797 and 617 CpG dinucleotides were hypomethylated in the
CT vs. CC and in the AT vs. AC comparison, respectively. In addition, the former and
the latter methylation patterns showed activation of 1380 and 296 genes, respectively. We
conducted a pathway enrichment analysis of the genes activated by hypomethylated CpG
dinucleotides after the L-arginine treatment in CT and AT samples. The complete pathway
analysis results are shown in Supplementary Table S3 (CT vs. CC) and Supplementary
Table S4 (AT vs. AC).

After the L-arginine treatment, more genes were activated in set CT than in set AT, thus
the pathways enriched by the CT-activated genes were substantially more significant than
those enriched by the AT-activated genes. As shown in Supplementary Tables S3 and S4, 50
and 18 pathways were activated in neonatal and adults CD4+ T cells treated with L-arginine,
respectively. Figure 5 shows the top-10 significantly activated pathways in adult and cord
blood CD4+ T cells treated with L-arginine. Among the top-10 pathways in the CT vs. CC
comparison, eight were immune-related pathways. In the AT vs. AC comparison, only
three were immune-related pathways. The immune-related pathways of the CT vs. CC
comparison were substantially higher significant than those of the AT vs. AC comparison.
Cellular senescence, viral carcinogenesis, and Th17 cell differentiation pathways were
up-regulated in both cord blood T cells and adult T cells with L-arginine treatment.

Gene ontology (GO) is typically applied to interpret potential functions of genes; we
therefore also conducted GO analysis on the activated genes in CT and AT samples. In
line with the pathway results, the identified GO items in CT samples were more frequently
associated with immunity (Supplementary Figure S2), whereas the identified GO items
in AT samples were more frequently associated with metabolism. Compared with adults,
neonates are less exposed to exogenous stimulants and pathogens, thus neonatal immune
functions are typically less activated than those of adults [33,34]. L-Arginine can activate T
cell immune responses and is required for defense against various pathogens [35]. Neonatal
T cells are more susceptible to L-arginine supplementation [31], which explains why more
immune-related genes and pathways were activated in neonatal CD4+ cells than in those
of adults. The complete GO analysis results are available in Supplementary Table S5 (CT
vs. CC) and Supplementary Table S6 (AT vs. AC).

3.6. IL-13 Was Activated by DNA Hypomethylation in Neonatal CD4+ Cells Due to the
L-Arginine Treatment

Among the genes activated by DNA hypomethylation due to the L-arginine treatment,
we were particularly interested in IL-13 which has become an important therapeutic target
for treating Th2-mediated diseases. Therefore, we examined to what extent IL-13 was
activated by the L-arginine treatment and DNA hypomethylation. As shown in Figure 6a,
four CpG dinucleotides located within the putative promoter region were significantly
hypomethylated in cord blood CD4+ cells (CT vs. CC) due to the L-arginine treatment;
however, these four CpG dinucleotides showed no significant variation after L-arginine
treatment in adult CD4+ cells (AT vs. AC; Figure 6b).
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Figure 5. Comparisons of enriched pathways between cord blood (CB) and adult blood (AD). We identified significantly
hypomethylated CpG dinucleotides (CT vs. CC, comparing the factor L-arginine treatment) and identified activated genes
of cord blood and adult blood samples, followed by pathway analysis. We then compared the top-10 most significant
pathways identified in either CB or AD samples.

The qPCR assays demonstrated that IL-13 mRNA was significantly increased in cord
blood CD4+ cells after treatment with L-arginine at different concentrations (Figure 6c).
This variation was not significant in adult CD4+ cells (Figure 6d). The protein product of
the IL-13 gene is typically secreted from cells, thus we also measured IL-13 protein levels
in the medium, and we observed the patterns similar to those of the mRNA measurements
(Figure 6e,f), suggesting up-regulation of IL-13 by DNA hypomethylation due to treatment
with L-arginine.
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Figure 6. Variations of CpG methylation profiles, mRNA expression, and protein production of IL-13
in cord blood and adult blood after L-arginine treatment. We tested whether the L-arginine treatment
affected the CpG methylation profile (a,b, n = 3, t-test), mRNA expression (c,d, n = 12, Mann–Whitney
U test), and protein production (e,f, n = 12, Mann–Whitney U test) of IL-13 in cord blood and adult
blood. * and ** denoted p-value < 0.05 and 0.01, respectively.

4. Discussion

Functional T cell regulation is crucial for maintaining homeostasis, and epigenetic
modifications play an important role in development, polarization, and activation of lym-
phocytes. Examining genome-wide DNA-methylation patterns is a useful method for
assessing specific gene regulation in particular cell types [36]. In the current study, we
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identified relative hypermethylated states in gene promoters of neonatal CD4+ T cells,
compared to those of adults, that suggest more genes were inactive in neonatal CD4+ cells
than in adult CD4+ cells. Down-regulated gene expression and protein production of IFN-γ
and IL-17 corresponded to hypermethylation of their respective promoters in neonatal
T cells. IL-4, however, demonstrated a seemingly contradictory pattern with relatively
hypermethylated promoter regions but higher gene expression and protein production in
neonatal CD4+ T cells, compared to those of adults. Regulatory effects of L-arginine on
DNA methylation are gene-specific. Through DNA methylation modification, L-arginine
supplementation exerts substantial effects on neonatal CD4+ T cell functions, including
Th cell polarization, cell adhesion, apoptosis, T cell receptor signaling, cytokine produc-
tion, cytokine receptor interaction, antigen presentation, and several signal transduction
pathways (Figure 7).
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Figure 7. Regulatory effects of L-arginine on neonatal CD4+ T cells via DNA methylation modification.

Cord blood T cells showed a higher degree of DNA methylation of the IL-4 pro-
moter but also higher IL-4 production. Similar phenomena were observed in other genes.
Activated neonatal CD4+ T cells were shown to produce large-scale of changes in gene
expression with limited changes in DNA methylation, suggesting that the inducible gene
response is largely independent of changes in DNA methylation [37]. Previous study
also showed that Th2 polarization was regulated both by demethylation and increased
histone acetylation of the IL-4 gene which maintains an open chromatin conformation and
increases the binding of polarizing transcription factors, such as STAT-6 and GATA-3 [38].
For example, the region of RHS4-7 in the naive T cells is hypoacetylated. Once stimulated
by TCR, this region will preferentially be highly acetylated under Th2 polarization, which
is consistent with its increased hypersensitivity [38].

Among the genes activated by DNA hypomethylation due to the L-arginine treatment,
we were particularly interested in IL-13. IL-13 is a TH2-type cytokine that is predominantly
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produced by activated CD4+ Th2 T cell clones [39]. There is a close link between IL-4 and
IL-13 activity: both activate the α-subunit of the IL-4 receptor and induce immunoglobulin
E synthesis and eosinophils recruitment [39,40]. More and more evidence demonstrates
in utero priming of cells of the fetal immune system to antigen [41,42]. Williams et al.
have showed that IL-13 production is increased in 80% of fetal mononuclear cells with
PHA stimulation [43]. It compatible with the observation that prenatal environment is
important in modulating the immune response to antigen [44]. Modulatory effects of
exogenous L-arginine supplementation can be validated by decreasing IL-13 gene promoter
methylation and enhanced IL-13 mRNA and protein expression. IL-13 is involved in patho-
logical mechanisms of several atopic and non-atopic processes [45,46]. As an effector, IL-13
helps counteract intracellular organisms including Leishmania spp. [47] and modulates
tumor cell growth. IL-13 was also shown to regulate tissue repair and fibrosis through the
extracellular matrix. We found that in human neonatal CD4+ T cells, the production of
IL-13 is regulated by L-arginine supplementation through DNA methylation modification.
Webster et al. showed that in neonatal CD4+ T cells, differential IL-13 expression depends
on presence of a permissive chromatin structure at the proximal promoter in Th2 cells
rather than on the formation of repressive chromatin in Th1 cells [48]. Our results are in
line with this observation. Exogenous L-arginine supplementation may reduce the DNA
methylation signature of the IL-13 gene promoter, enhance IL-13 gene expression, and elicit
higher IL-13 production. Embryonic development in utero is essential for determining
future susceptibility to disease, and the potential role of epigenetic processes in intrauterine
programming of immunity has attracted a considerable interest. In general, DNA methyla-
tion leads to transcriptional repression by altering the recognition of transcription factors
and by reducing the accessibility of DNA for transcription factors [49]. During embryonal
development, DNA methylation is tightly regulated and modified. For normal embryo
development and differentiation, DNA methylation is mostly eliminated after fertilization
and reoccurs during early fetal development [50]. Cord blood leukocyte DNA methylation
was suggested to be an observation window for fetal development [51]. Differentiation
and polarization of CD4+ T cell subsets such as Th1, Th2, Th17 cells, and Treg are regu-
lated by DNA methylation. For example, cytotoxic T lymphocyte–associated protein 4
(CTLA-4), CD25, and Treg-associated molecules are regulated by DNA demethylation [52].
In neonates, DNA methylation patterns appear to increase Th2 immune responses. A
previous report has shown that cord blood CD4+ T cells are hypermethylated at CpG and
non-CpG sites within and adjacent to the IFN-γ promoter, which corresponds to lower
IFN-γ production in neonates compared to adults [29,30]; however, the CpG methylation
status of IFN-γ promoter in cord blood CD8+ T cells and cord blood natural killer cells is
comparable to that in adults [30]. DNA methylation plays an important role in maintaining
low IFN-γ production in neonatal CD4+ T cells; In contrast, IL-4 production appears not to
follow this pattern.

Thus, other mechanisms are also involved in Th2 polarization in neonates. GO analysis
of cord blood mononuclear cells showed that methylation changes in genes were mainly
associated with cell surface receptors and signal transduction [53]. Our study provides
novel insights as we focused not only on CD4+ T cell maturation but also on functional
changes due to mitogen stimulation.

Nutrition intervention is a promising strategy to modulate immune development and
functioning. Nutrition epigenomics is a new research topic investigating the effects of
diet on gene expression. Some nutritional factors such as folate, vitamins, and L-arginine
can change DNA methylation [31,54]. In mice, DNA methylation of the promoters of
CD4+ T cell-related genes were found to contribute to poor immune responses of neonates
during pneumonia. The manifestation of T cell markers in neonatal mouse lungs was
altered using a DNA hypomethylating agent [55]. In humans, hydrolyzed casein formula
containing probiotics for infants was shown to elicit higher IL-4/IL-5 and a lower IL-
10/IFN-γ DNA methylation patterns in CD4+ T cells, in contrast to soy formula [56]. Even
prenatal probiotic treatments may change global DNA methylation patterns, and CD4+ T
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cells of newborn to tend to hypomethylation especially regarding PI3K/MAPK-, TGF-β-,
and chemokine signaling-related genes [29]. In the current study, we determined the effects
of exogenous L-arginine supplementation on DNA methylation pattern of neonatal Th
cells at a genome-wide scale. We found that several genes were differentially methylated
in relation to the development of Th1/Th2/Th17 polarization, encouraging us to build a
classifier to assess the development of allergic disease.

5. Conclusions

In conclusion, the relative DNA hypermethylated status in neonatal T cells compared
to that in adults can explain the naïve stage of neonatal immunity. DNA methylation
partially accounts for the mechanism underlying differential immune function in neonates.
Modulatory effects of L-arginine on DNA methylation are gene-specific. L-arginine supple-
mentation decreased methylation in the IL-13 gene promoter region and enhanced IL-13
mRNA and protein production in neonatal Th cells. Nutritional intervention is a potential
strategy to modulate immune function of neonates.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu13082780/s1, Figure S1: Scatter plot of neonatal and adult CpG methylation. We determined
β-values (methylation proportions) of CpG dinucleotides using M850K assays. Each CpG dinu-
cleotide produced one βcc and one βac value. The former and the latter were derived from three CC
and three AC samples, respectively, and both without L-arginine treatment. For each chromosome,
we tabulated βcc and one βac values by sorting the βcc values. In total, the βcc and βac values
of 865,859 CpG dinucleotides were highly correlated. (Pearson’s r = 0.9874; p < 0.0001). Figure S2.
Comparisons of GO items between cord blood (CB) and adult blood (AD). We identified significantly
hypomethylated CpG dinucleotides (CT vs. CC, comparing the factor L-arginine treatment) and
identified activated genes of cord blood and adult blood samples, followed by GO analysis. We then
compared the top-10 most significant GO items identified in either CB or AD samples. Table S1:
The sequences of qPCR primers. 18S gene was applied as the internal control. Table S2: The result
of pathway enrichment analysis on the genes with CpG markers significantly methylated between
AC and CC samples. Table S3: The result of pathway enrichment analysis on the genes with CpG
markers significantly methylated between AC and CC samples. Table S4: The result of pathway
enrichment analysis on the genes with CpG markers significantly methylated between AT and AC
samples. Table S5: The result of GO analysis on the genes with CpG markers significantly methylated
between CT and CC samples. Table S6: The result of GO analysis on the genes with CpG markers
significantly methylated between AT and AC samples.
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