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Abstract

The adaptive immune response is coordinated by CD4" T cells, which determine the response
type and strength and the effector cells involved during a particular immune challenge. It has
been reported that CD4" T cells are less responsive in neonates, leading to poor antibody
production and low activation of the cellular response. This low response is essential for the
tolerant window that favors birth transition from the sterile environment in the womb to the
outside world but leaves neonates vulnerable to infection, which is still an important health
issue. Neonates have a morbidity and mortality rate due to infections, and the molecular
reasons are still understudied.

Therefore, we asked whether the neonatal, compared to adult naive CD4" T cells, have a
particular genomic structure that predisposes them to a regulatory network favoring a tolerant
response. To answer this question, we evaluated the transcriptome and epigenome of human
neonatal and adult naive CD4" T cells. Our results point to a very distinct regulatory network
in neonatal cells, which favors a tolerant response through pathways related to regulatory
cells, glucose metabolism, and cell function.

Understanding this network should lead to novel vaccine formulations and better deal with
life-threatening diseases during this highly vulnerable period of our lives.
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Introduction

Comprising the first 28 days of life, the neonatal period is the most vulnerable period for a
child’s health and survival. The number of deaths has declined over recent years, but on
average 17 deaths per 1000 live births still occur worldwide. Infections account for around
24% of neonatal deaths and they are usually more severe and longer lasting (1). Infections
mediated by intracellular pathogens are particularly dangerous in neonates, suggesting that
T-cell-mediated immunity is limited in the early stages of life. Neonates have limited
exposure to antigens in the mother’s uterus, and so the naivety of its lymphocytes has been
made responsible for its low response, particularly to intracellular pathogens (2) (3). Recent
evidence suggests, however, that rather than being unable to respond, they do not respond as
expected, because neonatal T cells have their own characteristics, adapted to the particular
needs of the neonatal period (4, 5). A poor antibody response is also observed, perhaps due
to a limiting expansion of Tru cells and also a high expression of miR-181b (6-11).

It has been shown that neonatal CD4" T cells respond differently from adult cells, with a high
production of IL-8 (12), a prevalent Th2 over Thl profile, and an innate inflammatory
response (3, 4). The IL-13 locus is open in neonatal cells and remains open upon
differentiation into Th1 populations, confirming an epigenetic bias of neonatal cells towards
the Th2 phenotype (13). At the level of cell signaling, neonatal CD4" T cells display
enhanced calcium signals, probably mediated by miR181a, but reduced AP-1 activation,
probably contributing to the lower activation of the cells (14). A recent study evaluating open
chromatin regions of neonatal and adult CD4" T cells showed that the chromatin of adult
cells is more open as compared to that of neonatal cells (15).

Metabolism plays an important role in the different stages of T cell activation and
differentiation. Naive and memory T cells depend on the full oxidation of pyruvate through
the Tricarboxylic acid cycle to generate reduction power (NADH and FADH2) and, after
oxidative phosphorylation (OXPHOS), 36 molecules of ATP per molecule of glucose. After
T cell activation, there is an increase in aerobic glycolysis, known as the Warburg effect,
characterized by the conversion of pyruvate to lactate, to provide carbon skeletons for
molecule biosynthesis, needed for cell proliferation and other demands of effector cells.

In our previous studies on neonatal CD8" T cells, we found a unique transcriptomic profile,
biased towards innate immunity and homeostatic proliferation, with a low expression of
cytotoxicity and signal transduction genes (16). Further, we found that these cells had an
increased expression of glycolysis genes and a high production of Reactive Oxygen Species,
which could lead to a lower activation (17). Based on a qualitative dynamical model of the
corresponding network, we predicted that this could impact negatively cell activation (17). .
Activation of neonatal CD8" T cells, however, was possible under strong activation
conditions in the presence of IL-12, which induced a more balanced cell metabolism, among
other changes (18).

In this study, we evaluated the transcriptomic profile of neonatal and adult naive CD4" T
cells and showed that the neonatal cells have a characteristic transcriptome, in which
pathways related to regulatory functions, aerobic glycolysis, proliferation, innate
inflammation, cell motility, and cell signaling control were enriched, explaining the high
threshold of cell activation. A specific set of hyperproliferative-related transcription factors,
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such as BCL114 and HOX genes, were found overexpressed in the neonatal cells, at both the
transcriptome and protein levels. Indeed, the neonatal cells proliferated more, under basal
conditions as well as after activation.

Taking advantage of the BLUEPRINT data (19), we compared our the overexpressed genes
in our transcriptome with that of the blue print data, finding equivalent overexpressed genes.
We further analyzed the corresponding profiles of histone modification marks in neonatal
and adult naive CD4" T cells and the combination of these marks. Using ChromHMM, we
combined these marks to characterize the specific epigenetic landscape of neonatal CD4" T
cells. Our analysis points to striking changes in promoters and enhancers between neonatal
and adult cells, with stronger changes in the enhancer regions. Focusing on the most
representative chromatin marks, the most significant difference between adult and neonatal
CD4"' T cells involved the closed chromatin mark H3K27me3, which was slightly higher in
the neonatal-overexpressed regions in adult cells’ filesand much higher in the adult
overexpressed regions in neonatal cells’ files. This suggests that the histone mark H3K27me3
maintains closed the adult-specific-genes in neonatal CD4" T cells. We also found
differences in the functional analysis of genes near these active regulatory signals, with the
strongest differences found in active enhancers. Neonatal CD4" T cell active regulatory
regions are enriched in pathways similar to those revealed by the transcriptome analysis,
particularly tolerance-inducing pathways and cell signaling genes, stressing the importance
of histone marks in T cell function.
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Materials and Methods

Cell purification and stimulation

Neonatal blood was collected from the umbilical cord vein of healthy full-term neonates,
born through vaginal delivery at Hospital General Parres (Cuernavaca, Morelos, Mexico),
with full informed consent from the mothers and the ethical approval of the hospital
(CONBIOETICA-17-CEI-001-20160329). Adult cells were obtained from Centro Estatal de
la Transfusion Sanguinea, Cuernavaca. The permission to use blood samples was given by
Servicios de Salud Morelos, through the establishment of an official agreement (File
1372/1706). To ensure that cord blood represents the baby’s blood, we obtained the samples
before the placenta expulsion, to avoid mixing with the mother’s blood and the presence of
coagulation factors, which changes the proportion of the cells and the serum in the samples.
A routine evaluation of the purity of all samples and the absence of CD45RO" cells was
performed to ensure that no contamination with the mother’s blood occurred.

Samples were processed the same day to obtain mononuclear cells by density gradient
centrifugation using Lymphoprep (Axis-Shield; Dundee, UK) and cultured overnight in
tissue culture dishes (Corning 353003) to eliminate adherent cells. CD4" T cells were isolated
from mononuclear cells using the RosetteSep CD4" T cell enrichment cocktail
(STEMCELL), with 1 ml of erythrocytes from the same blood sample, kept in culture for one
day, and used in a second density gradient. Memory and effector cells were eliminated from
adult blood with magnetic beads (Pierce) coupled to anti-CD45RO (UCH-L1, TONBO
biosciences; California, USA) and anti-CD44 (IM7, TONBO biosciences; California, USA)
antibodies that depleted the CD44" and CD45RO populations. Purification of neonatal cells
also required further depletion of CDI1b" cells with magnetic beads to eliminate
contaminating precursor cells, including precursor B cells, NK cells and myeloid precursors
that are positive for this marker (20-24). Of note, naive T cells do not express CD11b.
Because both neonatal and adult cells were submitted to antibody depletion with magnetic
beads, the purification procedure took the same time and the same steps. Naive cells were
cultured in RPMI medium (Thermo Fischer Scientific; Massachusetts, USA), supplemented
with 5% de fetal bovine serum (FBS), 1% glutamine, and antibiotics (100 U/ml penicillin
and 100 pg/ml streptomycin) at 37°C and 5% de CO2. The purity of our populations of
CD4"CD3"CD45RO" cells was 93%, using CD4 (20-0048-T100, TONBO biosciences) and
CD3 (20-0037-T100, TONBO biosciences)(Suppl. Figure 1 panels A and B) . The culture
Tissue Culture Dishes used were from Corning, maintaining a cell concentration at 3 to 5 X
10° cells/ml. Cells were stimulated by crosslinking CD3 and CD28 with a secondary
antibody.

RNA preparation and sequencing

RNA was prepared using Trizol (Thermo Fisher Scientific; Massachusetts, USA 15596-018,
Invitrogen), following the manufacturer’s instructions. Purified RNA was analyzed for
integrity with a Bioanalyzer nano-RNA-Kit (Thermo Fisher Scientific; Massachusetts, USA)
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and only samples with an integrity value (RIN) above 8.0 were used. Three neonatal and
three adult cells samples were sequenced in Transcriptomic and Genomic Platform Marseille
Luminy, in France, using the NextSeq-500 Sequencer Illumina (20-120Gb). The reads were
generated from Illumina Hiseq.

Data Analysis

Data quality was evaluated using the FASTQC program (25). Adaptors and low-quality reads
were cut using Trimmomatic (26) version 0.39  with the following parameters:
“ILLUMINACLIP:Truseq3-SE:2:30:10 TRAILING:3 MINLEN:40”9. The reads were
aligned against reference transcriptome GRCh38/hg38, using the STAR 2.4.2% software with
the following parameters: “runMode alignReads -outSAMtype BAM SortedByCoordinate -
outFilterMultimapNmax 1”10. The BAM (Binary Alignment Map) files generated by
alignment were visualized in regions of interest with IGV (27). Read counts per gene were
obtained using the software HTSeq-count (28). To identify differentially expressed genes, we
used the DESeq2 package in R (Bioconductor) (29). An adjusted p-value < 0.05, with a log
fold change > 1 was considered for differentially expressed genes, which were used for
functional annotation. To evaluate the overexpressed pathways, we used the ClusterProfiler
in R, using the function EnrichKEGG, and the KEGG pathways (Kyoto Encyclopedia of
Genes and Genomes). Enriched pathways were visualized using enrichplot (Bioconductor).
To amplify our search for enriched pathways, we used the stringAPP from Cytoskape.

Flow cytometry

Neonatal and adult CD4" T cells were purified, and gene expression was assessed with
specific antibodies. The experimental gating strategy is illustrated in Suppl. Fig. 1.

A selection of differentially expressed genes was evaluated by flow cytometry with
antibodies targeting BCLI11A (MAS5-34678, Thermofisher), CEBP-alpha (aEbs-1630R,
Thermofisher), GLUT1 (sc-377228 AF790, Santa Cruz Biotechnology), HOXA3 (PAS-
56077, Thermofisher), HOXA9 (PA5-102516, Thermofisher), INSR (sc-57342 AF790,
Santa Cruz Biotechnology), DUSP6 (MAS5-31988, Thermofisher), together with the
secondary antibody Goat anti-Rabbit IgG FITC (35-8067, TONBO). Protein expression was
evaluated in an Attune cytometer (Life Technologies) and analyzed using the Flow-Jo X
software. The flow cytometry strategy for protein expression is shown in Suppl Figure 6.

Evaluation of proliferation and early activation in response to TCR/CD28 signals

For assays of cell division, mononuclear cells from neonate and adult donors were left
untreated or activated by crosslinking CD3 (70-0037-U100, TONBO) and CD28 (70-0289-
U100, TONBO) with a second antibody (Goat Anti-Mouse IgG Antibody (H+L) bs-0296G,
Bioss Antibodies). Dividing cells were specifically evaluated by double staining with CFSE
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(21888, Sigma) 50 nM and CD4-PerCP-Cyanine 5.5 (65-0048-T100, TONBO). Dilution of
CFSE on the CD4" gate was measured after incubation for 96 h in an Attune cytometer (Life
Technologies) and analyzed using the Flow-Jo X

Early activation response from neonatal and adult CD4" T cells was assessed by
transcriptome analysis of the same cells, after crosslinking CD3 and CD28 with a secondary
antibody Goat Anti-Mouse IgG Antibody (H+L) (bs-0296G, Bioss Antibodies) for 6 h. Gene
expression was performed as indicated previously.

Chromatin states and chromatin marks levels

We used ChIP-seq data of chromatin marks (H3K4me3, H3K4mel, H3K27ac, H3K27me3,
H3K36me3, H3K9me3) from three naive (CD45RA") neonatal CD4" T cell and four naive
(CD45RA™) adult CD4" T cell samples made available by the BLUEPRINT consortium. The
primary analysis was performed by BLUEPRINT consortium, and the peaks (bed files) and
coverage files (bigwig files) were downloaded from their latest release (2016) for further
analysis.

ChIP-seq peaks of histone modifications were given as input to the software ChromHMM
(http://compbio.mit.edu/ChromHMMY/) to segment the genome in different regions (200bp)
and computed a 12-state model of chromatin states (with the parameters BinerizeBed —center
option, assembly hg38; LearnModel 12 states). Using the ChromHMM results, we then
selected the regions (states) associated with marks of active promoters
(H3K4me3"H3K27ac"H3K4mel"; state 12) and enhancers (H3K4mel "H3K27ac"; state 9),
which were annotated using the software GREAT (http://great.stanford.edu/public/html/).
GREAT assigns a regulatory domain to each gene, and then annotates each genomic region
given (query regions) to a gene (or genes) whose regulatory domain it overlaps. We annotated
our active promoter regions (state 12) by selecting the single nearest gene to our regions
(states), whose domain extends within +/- 2kb around the transcription start (TSS), while
active enhancer regions (state 9) were annotated by selecting the single nearest gene to our
regions, whose domain extends +/- 100kb of the TSS. Then, using the list of genes annotated
to states 12 and 9 in neonatal and adult cells, we generated a Venn diagram to identify the
genes exclusively annotated to one type of regulatory region (state 9 or 12) generating 4
unique gene lists. Then, we performed the functional annotation analysis for the 4 gene lists
using EnrichKEGG. This strategy is illustrated in Suppl. Fig. 8.

To gain a more quantitative comparison at the level of promoters, we extracted the chromatin
marks scores for the regions within +/- 2kb from the start of each differentially expressed
gene, as a measure of the intensity of the mark in the promoter region. For this, we used the
coverage (bigwig) files from BLUEPRINT consortium and the software deepTools
(https://deeptools.readthedocs.io/en/develop/). Once we obtained the levels of four
chromatin marks (H3K4me3, H3K4mel, H3K27ac, H3K27me3) in the promoter regions of
the differentially expressed genes, we performed the statistical analysis to compare the level
of each mark in adult and neonatal cells using R.

Association of SNPs identified by GWAS with active enhancers and promoters enriched in
the adult or neonatal cells.
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To further explore the potential function of regulatory regions enriched in the neonatal and
adult CD4" T cells, we aligned SNPs identified in 413 GWAS studies, obtained from the
[IEU OpenGWAS project] (https://gwas.mrcieu.ac.uk/), with the DNA regions
corresponding to active promoters and enhancers from our ChromHMM analysis in neonatal
and adult cells. The 413 GWAS were selected based on these four criteria: i) molecular
phenotypes such as proteome or methylome were excluded; ii) only studies from the
European population were kept because more studies are available, and our epigenetic data
came from Europeans; iii) only well-defined medical or physiological conditions were kept
and environmental phenotypes such "employment status" or "self-reported" medical
conditions were excluded; iv) only GWAS studies with at least 10000 subjects, 2000 controls,
and 2000 cases were kept.

To compare active promoter and enhancer-enriched regions in neonatal versus adult cells
with regions associated with diseases in GWAS studies, we implemented the following
workflow:

1. Unique peaks in the two sets of peaks were computed.
2. These unique peaks were binned in windows of 500 nt.

3. For a list of 413 GWAS (Supplementary table 2) from the [[EU OpenGWAS project]
(https://gwas.mrcieu.ac.uk/), the number of peaks with and without significant GWAS
signals was counted.

4. A statistical Fisher test was used to evaluate the significance of the counting in the two
sets of peaks with and without GWAS signals.

5. The results of the 413 GWAS were concatenated, and a Bonferroni multi-test correction
was applied.
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Results

Neonatal CD4+ T cells have a unique transcriptome

CD4"' T cells coordinate adaptive immune response and are crucial for the activation of other
immune cells and a good antibody response. In neonates, however, CD4" T cells have a high
threshold of activation and a low effector function (7-9, 30, 31). To better understand the
functionality of these cells, we performed RNA-seq analysis of CD4" T cells purified from
cord blood, as compared to naive adult cells. In both cases, blood was processed within hours
of collection. Cord blood was obtained immediately after birth before the placenta was
expelled. Three samples of neonates and adults were processed for transcriptome sequencing,
and after aligning the reads to the human genome (GRCh38), we obtained 60,676 transcripts
annotated in Ensembldb (Rainer et al., 2019), and a total of 1,999 differentially expressed
genes (DESeq2; p-adj < 0.05 and a log2FoldChange >= 1) (Supplementary Table 1). Among
these genes, 862 and 1137 were found overexpressed genes in adult and neonatal cells,
respectively.

A PCA analysis revealed that the neonatal and adult samples separated well from each other,
indicating they have specific transcriptome signatures, which is illustrated in the volcano plot
(Figure 1, panels A and B).

The functional annotation of the differentially expressed genes was performed with
EnrichKEGG (ClusterProfiler), using the KEGG database (Kyoto Encyclopedia of Genes
and Genomes). Seven pathways were associated with overexpressed genes in the neonatal
cell samples with a p-adj< 0.05 (Figure 1C), while the overexpressed genes in adult cells
were not significantly enriched in any pathway. We performed a second analysis to search
for pathways in the adult populations with the STRING application in Cytoskape. Again no
pathways were found enriched in the adult cells’ overexpressed genes. The genes
overexpressed in the neonatal cells form a big network (Suppl. Figure 4), in contrast to adult
overexpressed genes, which were dispersed and only form small networks (Suppl.Figure 5).
The pathways enriched in the neonatal (Figure 1D were Transcriptional Misregulation in
Cancer, which includes genes with regulatory functions (FLTI, PLAU, HPGD) (32-34),
genes overexpressed in hematopoietic and immature T cell precursors, several of them related
to hyperproliferation and T-ALL (PROMI1, HOXA9, HOXA10, PDGFA, MYCN, LMO2,
PMP2K, MEISI, HMGA2, HHEX, ERG, H3CI10) (35); genes typically associated with
neutrophils and antimicrobial activities (MPO, ELA, DEFA3, DEFA4); as well as cell
signaling genes (DUSP4, DUSP6, TSPAN, SLC453, AMSI, JUP, RXRA, NTRKI),
particularly with regulatory functions. The Central Carbon Metabolism in Cancer and HIF 1
pathways are enriched in aerobic glycolysis enzymes, such as LDH, HK1, and HK2. The
Focal adhesion and platelet activation pathways are involved in cytoskeleton rearrangements
and cell migration, which in agreement with the enrichment Rap Signaling Pathway, controls
cell migration and cytoskeleton rearrangements. Finally, the RAS Signaling Pathway
controls cell proliferation, which, together with the hyper-proliferation genes previously
described, suggest that neonatal cells are engaged in homeostatic proliferation.

In Suppl. Figure 2A, we represent the 50 genes that showed the highest differences between
neonatal and adult cells, and in panel B, we show the differentially expressed top 60
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transcription factors). The genes overexpressed in neonatal cells are involved in the
cytoskeleton, cell adhesion and migration (MROCK1 CD93, MTSS2, FBLN2, KDR1), control
of cell signaling (PDE6G, PTPRD) and development (NREP, AUTS2, IGR2BP3). The genes
overexpressed in adult cells are more involved in cell function (TMEM30B, PLEKHH?,
SGSM1, KIF5C, KIF214, FLT4) and genome structure and stability (RADX, NAPIL2,
TCEAL?2). The transcription factors differentially expressed between neonatal and adult cells
are shown in panel 3B. Many of the neonatal cells’ transcription factors are involved in
development and hyperproliferation. Among these, we found ZFN423, which has been
related to DNA damage repair (36); BCL11A, an important regulator of early lymphopoiesis,
also involved in chromatin remodeling through its association with the SWI/SNF (37); TOX,
which is involved in the maturation of T cells and in the inhibition of effector functions,
driving also T cell exhaustion (38). Also remarkable is the expression of the homeobox genes,
HOXA and HHEX, which are involved in developmental processes (39), HOXA3 is
particularly involved in thymus development (40). CEBPA codes for a transcription factor
controlling enhancer expression and function and regulates proliferation (41). In contrast, the
Transcription Factors overexpressed in adult cells are related to typical T cell function, such
as T-bet (TBX21I), the EOMES transcription factors, and STAT4, which is activated in
response to IL-12 and is involved in Th1 differentiation. We also compared the differential
expression gene profile in our transcriptome, with RNA-seq data from neonatal and adult
cells in the BLUEPRINT database. We can see that the differential genes are similar between
the samples, validating our statistically significant results.

Protein expression, proliferation, and early activation in response to TCR/CD28 signals

To confirm our transcriptome results, we evaluated the protein expression of several genes
overexpressed in neonatal cells by flow cytometry, among the live cells-gate, and among the
CD31" cells, to exclude that the observed differences could result from a different proportion
of Recent Thymus Emigrants in neonatal and adult cell populations. The gating strategy to
analyze CD31 is shown in Suppl. Figure 1C and Suppl. Figure 6. CD31 is a marker accepted
for Recent Thymus Emigrants in CD4" T cells (42). The adult T cells came from young
adults, aged 20 to 30 years old, and CD31 expression was similar between neonatal and adult
cells (Suppl. Figure 3). We found that the seven proteins evaluated were significantly
increased in the neonatal cells, and the analysis on the CD31" population did not change the
general protein expression profile (Figure 2A).

Next, we evaluated neonatal and adult CD4" T cell proliferation by CFSE dilution (the gating
strategy to analyse proliferation is shown in Suppl. Figure 7. In agreement with the
transcriptome profile, the neonatal cells proliferated more (Figure 2B), both without
stimulation (homeostatic proliferation) and after CD3/CD28 signals (Activation-induced
proliferation). Neonatal cells generated up to two generations without stimulus (Figure 2D),
and up to three generations after activation (Figure 2C), while the adult cells did not divide
homeostatically, with only a small proportion of the cells reaching one division after
activation with no cytokines added to the medium.

We then evaluated the transcriptome of early activated neonatal and adult CD4+ T cells.
After 6 h of incubation with CD3/CD28 signals, cells were collected, and differential gene
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expression analysis was performed. In neonatal cells, only one gene was found
downregulated, while 75 genes were overexpressed after cell activation. In contrast, in adult
cells, 53 genes were downregulated, while 287 genes were upregulated, under the same
activation conditions (Figure 3A). The top 80 differentially expressed genes in neonatal and
adult cells upon activation are shown in Suppl. Figure 8. The comparison between activated
neonatal and adult cells showed 1,457 genes overexpressed in the neonatal cells, and 1,083
genes in the adult ones (Figure 3A). An analysis of KEGG pathways enrichment (Figure 3B)
revealed an upregulation of metabolic, adhesion, and movement pathways upon activation in
neonatal cells (see middle column), while in the adult cells both T cell receptor and innate
receptor pathways were upregulated (see right column of Figure 3B), outlining the activation
of the cells and suggesting an important function of Toll and NOD receptor pathways in naive
cell activation, as we previously reported for TLRS (43, 44).

An Epigenetic signature of neonatal CD4" T cells

To better understand neonatal CD4" T cells, we compared the epigenetic landscape of the
neonatal and adult cells. For that, we used Chromatin Immunoprecipitation data (ChIP-seq)
from the Blueprint Consortium (https://www.blueprint-epigenome.eu/) for human neonatal
and adult naive CD4" T cells. We analyzed six different chromatin mark profiles, including
H3K27ac, H3K4me3, and H3K36me3 denoting open chromatin, H3K27me3 and H3K9me3
denoting closed chromatin, and the enhancer mark H3K4mel. We then used the ChromHMM
software to compute chromatin states representing the chromatin regions involving specific
combinations of the different chromatin marks (Figure 4A). We generated a 12-state
chromatin model and focused on the active enhancers state (state 9) marked in violet and
active promoters (state 12) marked in yellow (Figure 4B). The changes in active promoters,
bimodal regions, and active and inactive enhancers between neonatal and adult cells are also
indicated (Figure 4C). Interestingly, the biggest changes occurred at the level of enhancers
and bimodal regions.

We then used IGV to visualize the RNA-seq signal associated with the regulatory regions of
the genes. Figure 6 shows four selected genes, INSR and GLUT 1, which are highly expressed
only in neonatal cells, HK2, which is expressed in both neonatal and adult cells but
overexpressed in neonates, and CAMK2NI, which is overexpressed only in adult cells,
displaying the active enhancer (purple squares) and active promoter (yellow squares) states
in their regulatory regions. Interestingly, some genes overexpressed in neonates were
associated with active promoters and enhancers that were not active in their adult
counterparts. In other cases, such as HK2, although active promoters are present in both
neonate and adult cells, additional active enhancer regions are present in neonatal cells,
possibly inducing a higher expression. In the case of CAMK2NI1, overexpressed in adult cells,
the active promoter state is found only in the adult cells (yellow) (Figure 6 D-G). The
visualization of the HOX cluster expression peaks and its regulatory regions is shown in
Suppl. Figure 9.

To further understand the potential function of regulatory regions enriched in the neonatal
and adult CD4" T cells, we aligned the chromatin regions enriched that were designated as
active enhancers or active promoters in our ChromHMM analysis with SNPs identified in
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413 GWAS studies, obtained from the IEU OpenGWAS project,. We found a significant
enrichment of SNPs associated with Rheumatoid arthritis and asthma in the adult cell active
promoters, in agreement with the typical high activation profile of the adult cells. No
correlation was found in the neonatal promoters with GWAS data. In contrast, two hits were
found in the active enhancers of neonatal cells with prostate cancer, in agreement with the
high expression of the HOX genes and the higher proliferative profile of these cells. No
correlations were found in the adult cells’ enhancers (Figure 4H).

We next focused on the active enhancers and active promoters (states 9 and 12, respectively)
to obtain proximal genes, exclusive for either neonatal or adult cells. Suppl. Figure 10A
displays the enhancer and promoter regions of neonatal and adult cells, showing very few
shared regions, with the number of regions associated with each of them. Suppl. Figure 10B,
shows the top 20 pathways enriched with the genes associated with enhancers of neonatal
cells, while no pathways were associated with adult cells. Among the pathways enriched in
neonatal cells, we found overrepresented the PD-L1-PD1 pathway, which has been reported
as a master regulator of tolerance in tumor microenvironments (45), as well as the senescence
pathway, also associated with immunosuppression. Anti-viral response pathways and other
pathways already revealed by the transcriptomic signatures were also enriched, including the
HIF pathway and proliferation. TCR signaling genes were also found associated with active
enhancers, including positive and negative signal receptors (CD3, CTLA4, and PD-1). Genes
involved in AP-1, NF-«kB, and NFAT activation, as well as in NOD pathways were also found
enriched.

To gain insight into the role of each mark in the epigenetic landscape of neonatal and adult
genes, we extracted the enhancer (H3K4mel), chromatin opening (H34K4me3 and
H3K27ac) and repression (H3K27me3) marks levels in the promoter regions (+/- 2kb from
the gene start) of adult and neonatal specific genes. Figure SA shows the presence and and
distribution of the marks along the gene promoters in neonatal signals. The neonatal cells
present slightly higher levels of the opening marks H3K4me3 and H3K27ac, with a slight
reduction in the closed chromatin mark H3K27me3. This mark is difficult to visualize
because of its broad presence along the genes. In the adult cells’ overexpressed regions
(Figure 5B), we found higher levels of the H3K4me3, H3K4mel and H3k27ac open
chromatin marks, and a much lower level of the H3k27me3 closed chromatin mark. When
we evaluated the average levels of the marks in promoters of neonatal overexpressed genes
the only significant difference involved the closing mark H3k27me3, which was slightly
lower in neonatal cells. In the genes overexpressed in adult cells, changes were significant
for all the marks, but the closed chromatin mark was remarkably much higher in the neonatal
cells. This suggests that during the maturation of neonatal cells toward the adult epigenome,
gene promoters lose neonatal-enriched closed chromatin marks and open the adult-enriched
regions and that the regulation of H3K27me3 mark is very important for this change.

Finally, in Figure 6, we present a summary of the main conclusions of our study, showing
that neonatal cells are characterized by a specific epigenetic and gene expression profile,
pointing to particular physiological adaptations, which should be considered in the design of
vaccines or therapeutical strategies targeting the neonatal immune response.

Discussion



442

443
444
445
446
447
448

449
450
451
452
453
454
455
456
457

458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486

13

Our study provides a thorough characterization of the unique transcriptome of neonatal CD4*
T cells. The main signature of the neonatal cell transcriptome is the expression of genes
associated with regulatory functions, proliferation, migration, aerobic glycolysis,
antimicrobial activities, and regulation of cell signaling. The transcriptome results were
confirmed by changes in protein expression in basal conditions, proliferation, and changes in
gene expression upon activation.

Our data demonstrate the high expression of three important genes associated with a
regulatory function in neonatal CD4" T cells: the gene FLT1, which is related to a new subset
of T regulatory cells, as well as PLAU and HPGD genes, also implicated in suppressor
activities (32-34). Our study reveals a characteristic expression of transcription factors in
neonatal cells, with overexpression of master regulators of chromatin structure, including
ZFN423, which has been related to DNA damage repair (36), Bcllla transcription factor,
which binds the SWI/SNF chromatin remodelers (37). CEBPA is a transcription factor
controlling enhancer expression and function, metabolism, proliferation, and myeloid cell
development (41).

The gene coding for the transcription factor TOX was also found overexpressed in the
neonatal samples. TOX is a master negative regulator of effector functions, reported for T
cell exhaustion (38). In agreement with a rather tolerant response, the gene expression after
T cell activation was much lower in the neonatal as compared with adult cells and was not a
typical T cell response. Yet, the proliferation response was higher in the neonatal cells. This
is in agreement with the high expression of hyperproliferative genes in neonatal CD4" T cells,
particularly those coding for the family of HOXA transcription factors. HOXA factors play
a key role in controlling cell identity and differentiation of HSCs and T cell progenitors (46,
47). Progressive down-modulation of HOXA transcripts has been reported during thymic cell
maturation (35, 48), while sustained expression of HOXA genes during T cell differentiation
has been shown to impair T cell maturation and induce oncogenic transformation (35).
Therefore, the maintained expression of these genes in neonatal T cells might impose an
“immature” epigenetic state contributing to the more tolerant immune response phenotype of
these cells.

Metabolism is an important determinant of immune function, and determine effector and
memory cells differentiation. In our study, we found that the expression of metabolic genes
was altered in the neonatal cells, with a high expression of glycolytic enzymes. Glycolysis
and oxidative phosphorylation (OXPHOS) are the two main cooperative processes that
supply ATP within the cell. When pyruvate is fermented to lactate in the cytoplasm, even
when sufficient oxygen is present to utilize OXPHOS, a process known as the Warburg effect
occurs, also known as aerobic glycolysis, which is characteristic of rapidly dividing cell types
(49). We found that neonatal CD4" T cells overexpress Glucose Transporter Type 1(SLC241)
and genes involved in aerobic glycolysis (HK1, HK2, LDHA), as well as genes from the HIF-
1 signaling pathway. The HIF-1 signaling pathway has been reported to enhance glycolysis
in tumor cells (50). HIF is also a sensor of hypoxia, which could be associated with vaginal
delivery. This could be a caveat of our study, however, our protocol for cell purification took
2 days, in which neonatal and adult cells were under the same normoxic conditions. During
this time most of the stress- and hypoxia-related genes should have faded away, such as the
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HIF gene itself, which was not overexpressed in the neonatal samples. We also found the
overexpression of the monocarboxylate transporter gene (SLC16A43), which functions in L-
lactate export and is highly expressed in glycolytic and anaerobic tissues (51). Our results
suggest that neonatal CD4" T cells have a metabolic program dependent on aerobic
glycolysis. Neonatal CD4" T cells could be using aerobic glycolysis to divert the use of
glucose for the biosynthesis of macromolecules that will be used for proliferation.

Migration and cytoskeletal changes in the neonatal cells are expected, as these cells will not
only go to lymph nodes but also colonize mucosal tissues. Expression of genes involved in
the migration to the mucosa in unstimulated cells was also observed in the unstimulated
neonatal CD8" T cells (18).

We found a regulatory bias on the neonatal CD4" T cells, and even more so associated with
activated enhancers. This regulatory bias was also observed on expanded cord blood CD4" T
cells as compared with similarly treated adult cells, mostly towards regulatory Th17 cells,
with a lower expression of IL 17 and its signature transcription factor RORyT, and a higher
expression of FoxP3 (52). An immunoregulatory IL-22-dominated Th17 profile was recently
published for neonatal CD4+ T cells, apparently due to differences in the TGF-f signaling
pathway (53). Remarkably, we found the Th17 pathway enriched close to open enhancers in
neonatal cells. It will be interesting to further explore this pathway.

The transcription factors overexpressed in adult cells are related to typical T cell function,
such as the T-bet (TBX21) and STATA4, the Th1 signature transcription factors, and EOMES,
which marks memory cells. The presence of these factors does not imply that cells are not
naive but that the basal expression, due to the open chromatin in the adult naive cells, may
prepare them to effector or memory differentiation, particularly the Thl profile.

The unique transcriptome of the neonatal CD4" T cells is further accompanied by a
characteristic epigenomic landscape. Overexpressed genes in adult cells have higher levels
of open chromatin marks, H3K4me3, H3K4mel, and H3K27ac in their promoter regions,
with a significantly lower level of the closed chromatin mark H3K27me3. In contrast,
upregulated genes in neonatal cells have slightly higher levels of open chromatin marks, with
a slight but significant difference in the closed chromatin mark H3K27me3. This suggest that
the change of neonatal towards adult cells involves a fine regulation of histone marks,
particularly H3K27me3. A potential caveat of this study is the origin of the samples used for
transcriptome analysis (Mexican population and young adults) and the European population
for the epigenomic data and the SNP analysis. However the transcriptomic and epigenetic
analysis results are in agreement with each other, suggesting that the profiles shown are not
particular for a human ethnia, but broad to all humans.

Combining the chromatin marks analyzed, we defined 12 chromatin states and visualized the
mean peaks corresponding to promoters and enhancers of selected genes, and found that these
states corresponded with the level of expression of the genes. Overexpressed genes in
neonatal cells are associated with intergenic active enhancer regions
(H3K4mel+H3K27ac+). The functional analysis of the corresponding genes led us to
identify 146 enriched pathways. Some of these pathways were the same as in the
transcriptomic signature. Cancer-related pathways, presumably related to the overexpression
of the hyperproliferative genes, were also found in genes close to the active enhancers. We
also found a strong enrichment in pathways related to tolerance and the regulatory Th17



531
532
533

534
535
536
537
538
539
540
541
542
543
544
545

546
547
548
549
550
551
552
553
554
555
556

557
558

559
560
561
562
563
564

565
566
567
568
569
570

571
572
573
574

15

pathway. The epigenetic landscape expands the transcriptome analysis, which shows what is
happening in the cells in a precise moment, to the readiness of the cells to respond in
particular ways. In this way, both functional annotations are not expected to be identical.

We have previously published the transcriptomic and epigenomic analysis of neonatal CD8*
T cells (16). Several characteristics are shared in the neonatal CD4* T cells, such as cell cycle,
antiviral response pathways, and antimicrobial peptides expression, but there are also
important differences. Specifically, in neonatal CD4" T cells, genes of the TCR signaling
pathway were associated with active enhancers, which suggests that CD4" T cells are readier
to activate cell signaling upon the proper maturation stimuli. Negative signaling is also more
strongly associated with the CD4" T cells, including exhaustion-like gene expression (PD-
1/PD-L1, cellular senescence, apoptosis, necroptosis). Another difference consists in the
higher proliferation of neonatal CD4" T cells in response to stimulation, which was not found
in the CD8" T cell population. Remarkably, neonatal CD4" T cells appear to be ready to
activate all cell functions, while they have strong regulatory regions. It could be very
interesting to find which signals regulate the expression of either group of genes.

In any case, our data shows that neonatal CD4" T cells have a unique transcriptomic and
epigenomic signature, enriched in glycolysis-, proliferation- and tolerance-related genes,
that predisposes them to lower immune responses. In a recent single cell sequencing study,
it was shown that the transition of human fetal to adult T cells it was found that cells evolve
in a progressive way, rather than in waves, suggesting that the neonatal T cells mature into
adult cells (54) and are not a unique population that is replaced by the adult-like cells. In a
different study, it was shown that immune cells follow a stereotypic developmental pattern
towards the adult-like cells (55) We found that histone marks, particularly H3K4me3 are
important in the establishment of the unique genomic structure of neonatal cells. Several
enzymes participating in the methylation of this particular histone mark have been found
(56). It will be interesting to characterize these enzyme functions in the neonatal T cells.

Legends to figures

Figure 1. Differentially expressed genes between unstimulated naive neonatal and adult
CDA4'T cells. A) Principal components analysis showing naive neonatal and adult cells. B)
Volcano plot displaying the differentially expressed genes in basal adult vs. neonatal CD4"
T cells C) Functional analysis of pathways enriched in neonatal cells overexpressed D)
Network showing the connections between the neonatal overexpressed genes of these
different pathways

Figure 2: Changes in protein expression and proliferation assays. A) Protein expression in
unstimulated cells was evaluated by intracellular flow cytometry in the general living cells
gate and in the CD31+ cell gate. B) Proliferation of neonatal (blue) and adult (red) cells
without any stimulus (homeostatic proliferation) or after stimulation by crosslinking CD3
and CD28 for 96 h (activation induced proliferation). Frequency of cells by the number of
divisions in samples after stimulation (C) and without stimulation (D).

Figure 3. Gene expression analysis of neonatal and adult CD4" T cells after stimulation with
CD3/CD28 signals. (A) Venn diagrams show the number of differentially expressed genes
upon stimulation in neonatal (blue) or adult (red) cells. (B) Functional annotation of the
differentially expressed genes showing the enriched Kegg Pathways.
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Figure 4. Epigenetic landscape of the neonatal and adult CD4" T cells. (A) Chromatin states
were computed with the software ChromHMM. (B) Color code for the ChromHMM states.
(C) Changes in the regulatory states between neonate and adult cells. (D -G) Genomic tracks
for four selected genes overexpressed in neonatal cells or overexpressed in adult cells, with
their chromatin state annotations. (H) Assignation of SNP-associated diseases, from 413
GWAS studies to neonatal or adult regulatory regions classified as active promoters or
enhancers, from our ChromHMM analysis.

Figure 5. Histone marks in promoter regions of genes overexpressed in neonatal or adult
CD4" T cells. Representative histone mark profiles (H3K4me3, H3K4mel, H3K27me3, and
H3K27ac) in promoter regions (around TSS) of genes overexpressed in neonatal (A) and
adult cells (B), showing the average of the distribution of the mark in the promoters of the
genes (left columns) and the average presence of the mark in the adult (A) and neonatal (N)
cells. ChIPseq data was obtained from the BLUEPRINT consortia.

Figure 6. Graphical summary of the main differences found in neonatal versus adult T CD4+
cells. Arrows represent the enrichment of each profile, either in unstimulated cells (Basal)
or after CD3/CD28 signals. The number of arrows indicate the enrichment strength of each
of the pathways. Arrows pointing upwards indicate that the pathway is enriched, and
downwards if it is downregulated, in the comparison between neonatal and adult cells.

Supplementary Figure 1: Flow cytometry figures of purity and CD31 analysis. A)
Representative figure of cell purity. B) Elimination of CD45RO cells C) Gating strategy for
the analysis of CD31.

Supplementary Figure 2: Heatmaps of differentially expressed genes. A) Top 50
differentially expressed genes B) Top 60 differentially expressed transcription factors

Supplementary Figure 3: CD31 expression in neonatal and adult cells. A)Representative

flow cytometry of adult and neonatal cells CD31 expression. B) Boxplots of percentage of
CD31+ cells.

Supplementary Figure 4: protein networks of genes overexpressed in neonatal cells,
generated and analyzed using the STRING app in Cytoskape. To generate this network, only
high confidence functional interactions reported in STRING database were taken into
consideration. The intensity of the blue color represents the fold change while the size of the
node represents the significance (FDR).

Supplementary Figure 5: Protein networks of genes overexpressed in adult CD4" T cells,
generated and analyzed using the STRING app of Cytoskape. To generate this network, only
high confidence functional interactions reported in STRING database were taken into
consideration. The intensity of the red color represents the fold change while the size of the
node represents the significance (FDR).

Supplementary Figure 3: Heatmaps representing the top differentially expressed genes of
neonatal (A) and adult (B) T cells upon activation for 6h with CD3/CD28 signals.
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Supplementary Figure 4. Visualization of the expression and chromatin states in the HOXA
gene cluster using IGV.

Supplementary Figure 5: A) Identification of unique genes associated with active
enhancers or promoters for each cell type according to ChromHMM states 9 and 12,
respectively. A Venn diagram was drawn with four lists of genes associated with active
enhancers and promoters in adult and neonatal CD4+ T cells. The gene — region association
was performed using the GREAT tool. B) Top 25 pathways found significantly enriched for
Enh N genes using clusterProfiler. Enh N: Genes associated with active enhancers in neonatal
cells. Enh A: Genes associated with active enhancers in adult cells. Prom N: Genes associated
with active promoters in neonatal cells. Prom A: Genes associated with active enhancers in
adult cells.

Supplementary Figure 6: Gating strategy for flow cytometry analysis. A) CD31+
population was selected from a biaxial dot plot, which was equivalent to the histogram plot.
B) Fluorescence Minus One (FMO) controls were generated for FITC and Alexa 790
(AF790). C) Representative figure of the Differentially expressed genes (GDE) are shown in
different colors, unstained control is shown in grey and in yellow the secondary antibody
control. The analysis was made in neonatal and adult CD4" T cells.

Supplementary Figure 7: Gating strategy for proliferation analysis.

Supplementary Figure 8: Heatmaps representing the top differentially expressed genes of
neonatal (A) and adult (B) T cells upon activation for 6h with CD3/CD28 signals

Supplementary Figure 9: Expression and chromatin states in the HOXA gene cluster.

Supplementary Figure 10 : A) Strategy to select neonatal specific genes associated with
enhancers in neonatal cells. B) 25 Top pathways associated with these genes

Supplementary Table 1: Complete list of differentially expressed genes.

Supplementary Table 2: Neonatal cells enriched pathways, analyzed with the StringApp,
Cytoskape.

Supplementary Table 3: Gene clusters enriched in neonatal cells, analyzed with the
StringApp, cytoskape

Supplementary Table 4: Neonatal cells enriched GO Terms, analyzed with the StringApp,
Cytoskape.

Supplementary Table 5: Neonatal cells enriched GO Terms, analyzed with the StringApp,
Cytoskape.
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