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Abstract

Long non-coding RNAs (IncRNAs) are RNA molecules longer
than 200 nucleotides that do not code for proteins but have been
shown to perform regulatory roles in various cellular processes
and in disease conditions. They have also been shown to be
involved in the regulation of cellular processes, disease
conditions, and lineage-specificity. Since the IncRNAs harbor
immense regulatory potential at both transcriptional and post-
transcriptional levels, identifying and molecular characterizing
T cell memory subset-specific IncRNAs will add new dimensions
to understanding T cell memory development and functioning.
Hence, as part of my MS thesis, | analyzed the transcriptomic
(RNA-Seq) and epigenomics (ATAC-Seq) data from six memory
CD4+ T cell subsets to identify memory subset-specific
INcRNAs. Comparative analysis of differentially expressed
genes identified 42 and 36 upregulated IncRNAs in long-term
(TCM, TSCM) and short-term effector memory subsets (TEM,
Temra-precursor, and Temra-effector), respectively. Further, to
identify the potential cis-regulatory role of these IncRNAs, |
identified differentially expressed protein-coding genes located
upstream and downstream of these IncRNAs. This analysis has
identified 16 such IncRNA-protein-coding genes pairs. Further
functional characterization of these IncRNA-protein coding gene
pairs for the co-regulation can yield interesting insights into the

T cell memory development and commitment.
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Introduction

One of the most important facets of the adaptive arm of the
immune system is immunological memory. Once the immune
system encounters an antigen, the naive T cells, upon
recognizing the particular antigen, give rise to short-lived
effectors and long-term memory T cells. The effector T cells,
after successful clearance of said pathogen, die, while a pool
of memory cells stays behind to give long-lasting protection to
the individual upon subsequent encounters with the same
antigen. The memory cells generated in response to infection
are heterogeneous and can be further classified majorly as
long-term precursor like and short-term effector like memory.
Based on their longevity and effector profile, conventionally,
memory is broadly classified into stem cell like memory (TSCM),
central memory (TCM), effector memory (TEM), and short-lived
effector memory expressing CD45RA (TEMRA) (Mahnke et al.,
2013) (fig 1).

Multipotency
Proliferative potential
Lymphoid homing

Naive TSCM TCM TEMRA

Effector function
Peripheral homing

Figure 1. T cell memory compartments. Correlation of phenotypes with memory compartments are pictorially represented.
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T memory stem cells (TSCMs) are memory T cells that possess
an increased potential to self-renew and has the multipotent
ability to give rise to central memory, effector memory, and
effector T cells. TSCM exhibits a comparable expression pattern
of surface receptors to naive (like CCR7 & CD45RA). However,
they can be separated from naive by the expression of two
markers, CD95 and IL-2RB (Gattinoni et al., 2011).

TCMs are primarily limited to lymphoid organs and the blood.
They are functionally distinguished by their higher proliferative
potential after antigen reencounter and the ability to seed
peripheral tissues with additional effector cells following
activation. In contrast, TEMs are found in the circulation and
have the potential to travel via peripheral organs. They exhibit
guick effector activities but have limited proliferative potential,
serving as first responders in cases of reinfection (Sallusto et
al., 1999).

TEMRA, which is TEM expressing CD45RA, is a compartment
within TEM and is highly associated with cytotoxic function
(Sallusto et al., 2004). TEMRA compartments were initially
attributed to CD8+ T cells, where they were associated with
direct killing of virus infected or transformed cells. However,
studies have shown despite being helper cells, CD4+ T cells
also have the ability to become cytotoxic (CD4-CTL) in nature
(Juno et al., 2017). Later, people have shown that this CD4-CTL
is enriched in the CD4 TEMRA compartment is heterogenous
and can be further classified into TEMRA precursors and TEMRA
effectors based on the surface marker CD127 (receptor for IL-
7), a long-term survival marker of naive and long-term memory
subset. TEMRA cells expressing CD127 are TEMRA precursors,
and those that do not are TEMRA effectors (Patil et al., 2018).
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Large-scale changes at both transcriptome and epigenetic
levels happen when activated T cells differentiate into a
heterogeneous pool of memory cells (Araki et al., 2009;
Youngblood et al., 2013; Chen et al., 2018). Several studies
have been done to investigate the role of differentially
expressed protein-coding genes responsible for creating
heterogeneity within the T cell memory (Kaech et al., 2002;
Araki et al., 2009; Eshima et al., 2018; Omilusik et al., 2015;
Kaech and Cui, 2012). Therefore, the role of protein-coding
genes in differentiating T cells into a heterogeneous memory
pool is widely studied. However, the change in transcriptome
upon differentiation is not limited to protein-coding genes;
recent studies, including ours, have shown that non-coding
genes also show differential expression (Hudson et al., 2019;
Spurlock et al., 2017; Zhang et al., 2014). This implies that non-
coding genes may also play a role in the differentiation of naive
T cells into different memory compartments and may help a
better understanding of T cell biology.

The non-coding part of the genome is comprised of different
types of RNAs. Among these, RNAs that are longer than 200
nucleotide base pairs are long non-coding RNAs (IncRNAs),
which represent the major portion of the non-coding genome in
humans GENCODE ((https:// www.gencodegenes.org). Even
though IncRNAs don’t code for any protein, they share features
with mRNA. Like, they are spliced and polyadenylated, even
though there are exceptions (Mattick et al., 2023). IncRNAs are
often defined by their relationships with neighbouring protein-
coding genes. As a result, with respect to protein-coding genes,
they are classified as intergenic, intronic, or antisense (Mattick
et al., 2023). One of the striking features of IncRNAs is that
they show more restricted expression patterns than mRNAs
(Derrien et al., 2012; Gloss and Dinger, 2016). Because of their
low expression pattern and lack of coding potential, IncRNAs
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were initially thought to be transcriptional noise. But later,
advancements in technologies like RNA-seq revealed the
differential expression of many IncRNAs in different cell types,
and it began to be a hot research topic. Then, there was a surge
in the study of IncRNAs, which led to the functional
characterization of many IncRNAs and showed that IncRNAs
were capable of performing a wide array of functions, such as
organising nuclear domains, regulating proteins or RNA
molecules, and controlling transcription either in cis or trans
(Ulitsky and Bartel, 2013) (fig 2).
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Figure 2. (Salehi et al., 2017) Classification of IncRNA functions. (A) Chromatin organizational patterns can be altered by IncRNAs
through the recruitment of distinct protein components of the chromatin remodelling complex. (B) By base pairing with their
complementary miRNAs and mitigating their effects, they can function as "sponges.". (C) LncRNAs can act as scaffolds by giving
proteins that work in the same biological pathway docking sites. (D) By directing transcription factors to their promoters, they
stimulate the transcription of specific genes. (E) By enclosing transcription factors and preventing them from connecting to their
promoters, INcCRNAs have the ability to suppress transcription. Through base pairing, (F) translation inhibition, (G) splicing pattern
modification, and (H) exposure to degradative pathways, they can modify the functioning of mRNA.
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INcRNAs are known for their regulatory roles in various cellular
processes and in disease conditions (Patil et al., 2014; Li et
al., 2021), and have been reported to regulate protein-coding
genes in cis or trans (Chang et al., 2020; Spurlock Ill et al.,
2015; Zhang et al., 2019). They have also been studied in the
context of T cells. IncRNAs have been shown to regulate key
protein-coding genes associated with T cells (Spurlock Ill et al.,
2015; Petermann et al., 2019). IncRNA was also reported to be
involved in specifying the lineage in T cell memory
compartments (Hudson et al., 2019; Spurlock et al., 2017;
Ranzani et al., 2015). Since IncRNAs harbour immense
regulatory potential at both transcriptional and post-
transcriptional levels, identifying subset-specific INcRNAs will
add new dimensions to understanding T cell’s development and

functioning.

Several studies have been done in this regard to understand the
role of INcRNAs in T cell memory development, but the studies
were limited to characterizing IncRNAs in conventional memory
subsets like TCM, TEM, and helper subsets in the case of CD4+
T cells (Ranzani et al., 2015; Spurlock et al., 2017). A more
comprehensive picture of IncRNA regulation in CD4+ T cell
memory development remains unclear due to the fact that the
memory compartments of CD4+ T cells are highly heterogeneous
and the investigations were restricted to a subset of memory
compartments. Hence, this project focuses on understanding the
role of IncRNAs in the differentiation of CD4+ T cell memory
development at a higher resolution by further dividing long-term
memory compartments into TSCM and TCM, and effector-
memory compartments into TEM, TEMRA-P, and TEMRA-E. The

specific objectives of my thesis project are as follows.
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Specific objectives

1) Identification of differentially expressed IncRNAs in CD4+ T
cell memory compartments including TSCM, TCM, TEM, TEMRA -

P & TEMRA-E.
2) Selection of potential cis-regulatory IncRNASs.
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Materials and methods

Bulk RNA-seq data of CD4+ T ~cell memory

compartments

The bulk RNA-seq data of CD4+ T cell memory compartments
(TSCM, TCM, TEM, TEMRA-P and TEMRA-E), including naive
(from 10 donors) done by Kar et al (unpublished), was used.
Briefly, the bulk RNA-seq was performed using the smart-seq2
method (Picelli et al., 2014). GRCh38 (hg38) was used as the
reference genome. The counts were normalized to Transcripts
per million (TPM). The normalized count matrix was used to
check the expression level of protein-coding and IncRNA genes
across the memory compartments (TSCM, TCM, TEM, TEMRA-P
and TEMRA-E), including naive. The normalized counts were
also used to calculate the correlation between the selected

INcRNAs and their corresponding cis gene.
Differential expression analysis of bulk RNA-seq data

Differential expression (DE) analysis on the bulk RNA-seq data
was done by Kar et al (unpublished). Briefly, the DEseq2
package takes RNA-seq raw count as input to do differential
expression analysis of genes between two samples or
conditions (here different memory compartments). Data from DE
analysis was used to identify differentially expressed IncRNAs
between the memory compartments where the information about
the log2Fold change and the corresponding significance (Padj
value) are available. This data was analysed to identify
differentially expressed IncRNAs and used to make potential
INcRNA;mRNA pairs
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Principal Component Analysis (PCA)

Qlucore Omics Explorer 3.8 software package was used to
perform PCA of the transcriptomes. Normalized gene count
matrix generated by bulk RNA-seq of CD4+ T cell memory
compartments mentioned above was used. The normalized gene
count matrix was uploaded to Qlucore Omics Explorer. Cell
types were annotated as samples and genes as variables. 1000-
most variable protein-coding and IncRNA genes were identified
by software and are used for PCA. The corresponding heatmaps

were also generated using the software.

Weighted Gene Correlation Network Analysis
(WGCNA).

The WGCNA was done by Kar et al (unpublished). A weighted
gene network was created by using the WGCNA package's
standard process using the depth-normalized expression data
obtained from the RNA-seq studies as input (Zhang et al.,
2005). WGCNA on RNA-seq data resulted in 55 modules. Each
module represents a set of genes that are co-expressed across
the samples (here, memory compartments). Each module was
correlated with two traits: cell type and memory type. Modules
with significant correlation with traits were re-analyzed using
Qlucore Omics Explorer software to figure out the modules of

interest (modules having the selected INcRNAS).
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Identification of common IncRNAs of interest using

Venn diagram

Lists of IncRNAs differentially upregulated in individual memory
compartments were made. Then, to identify common IncRNAs
between two or more compartments of interest, a software
called Venny 2.1 was used. To identify common IncRNAs
between two or more compartment, list of IncRNAs differentially
upregulated corresponding to each compartment was uploaded
in Venny 2.1. Based on the input, Venny 2.1 will give Venn
diagram showing the common IncRNAs. It will also give the list

of common IncRNAs of interest.

Correlation analysis of IncRNA:mMRNA pairs

Spearman correlation between the IncRNA:mRNA pairs selected
was performed using GraphPad Prism 8.0.2. All the correlations
were statistically significant (P (two-tailed) < 0.0001)

ATAC-seq data and tracks generated in the UCSC

genome browser

The tracks in the UCSC genome browser and ATAC-seq data
were generated by Kar et al (unpublished). Briefly, ATAC-seq
sequences were quality filtered and adaptor trimmed using
trim_galore, and trimmed reads were mapped to the GRCh38
(hg38) human reference sequence using Bowtie2. De-duplicated
reads (using picard markduplicates) were filtered for reads
mapping to ENCODE blacklisted region, mitochondrial genome
and low-quality reads (bedtools and samtools). Reads passing
all quality checks were called for peaks using MACS2. Peaks
were visualized using UCSC Genome Browser after creating

manual tracks for each sample using BIGWIG file format which
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were further generated using bedgraphtobigwig. To check the
openness of chromatin and to visually represent the RNA
expression level of the IncRNA-mRNA pairs selected, tracks
generated in the UCSC genome browser was used. The tracks
for each INcRNA:mRNA pair was analysed individually to get the
status of openness of the chromatin at transcription start site

(TSS) and at exon level.
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Results

Transcriptome analysis of CD4+ T cell memory
subsets revealed differential expression of IncRNASs.

T cell memory has been shown to be highly heterogeneous and
can be classified into different compartments based on their
longevity, proliferative potential, and effector status, namely
naive (TN), stem cell-like memory (TSCM), central memory
(TCM), effector memory (TEM) and effector memory expressing
CD45RA (TEMRA). This heterogeneity is largely defined by the
expression of memory-specific molecules, including
transcription factors, surface receptors, and effector molecules.
To check whether the IncRNAs are also differentially expressed
across the memory compartments, principal component analysis
(PCA) on the expression of the 1000 most variable protein-
coding genes and IncRNAs were compared. As expected, the
protein-coding genes clustered the different memory
compartments into two (PC1, 32% of variance), where long-lived
TSCM and TCM clustered with naive (termed as long-term
memory cluster) and short-lived effector TEM, TEMRA-P and
TEMRA-E clustered together (termed as effector memory
cluster) (Fig 3a). Interestingly, when IncRNAs were considered,
they also clustered the same way as protein-coding genes did
(PC1l, 20% of variance), clustered into long-term and effector
memory, revealing that IncRNAs were highly differentially
expressed across memory compartments (Fig 3b). Heatmap of
the genes dictating the principal component (PC) of the protein-
coding (Fig 3c) and IncRNAs (Fig 3d) provided further verify the

observation.
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Figure 3. Differential expression of INcRNAs across CD4+ T cell memory compartments. Plot of first two principal components (PC) (PC1 and PC2
shown) of 1000 most variable protein-coding genes (a) and IncRNAs (b) from different memory compartments (colour coordinated) from 10 donors.
The cluster marked with red is effector memory cluster and the other cluster marked with light blue is the long-term memory cluster. Percentage of
variation explained by each PC is shown in parentheses. Heatmap showing the row-wise normalized z-scores of 1000 most variable protein-coding
(c) and IncRNAs (d) across the CD4+ T cell memory compartments. Some of the genes from the marked region are mentioned in box. Samples
(cell types) are arranged in the order of their effector profile (naive < TSCM < TCM < TEM < TEMRA-P < TEMRA-E from left to right as highlighted
and variables (genes) are arranged based on their corresponding PC1 of PCA.
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Long-term memory and effector-memory specific

InNcRNAS

The PCA of IncRNAs clustered the CD4+ T cell memory
compartments into long-term memory and effector memory
compartments. So, to identify the long-term and effector
memory specific IncRNAs primarily responsible for this
clustering, differential expression (DE) analysis done by
pairwise comparison of memory compartments (TN vs
TSCM, TN vs TCM, etc. of all possible combinations) were
used. For aIncRNA to be considered as upregulated, cut off
of log2 fold change >/= 0.5 & Padj </= 0.05 were used.

Long-term memory specific IncRNAs: To identify IncRNAs
upregulated in naive compared to effector memory, an
intersection from the paired analysis of naive vs TEM, naive
vs TEMRA-P and naive vs TEMRA-E were taken (228
InNcRNAs, Fig 4a). A similar analysis was done individually
for TSCM (83 IncRNAs) and TCM (56 IncRNAs). Further, to
narrow down IncRNAs specific to long-term memory T cells
(TN, TSCM and TCM), the intersection of the individual lists
was taken (42 IncRNAs, Fig 4b).

Effector memory-specific IncRNAs: A similar approach
identified 36 IncRNAs commonly upregulated in TEM,
TEMRA Pre, and TEMRA Eff compared to TN, TSCM & TCM
and were referred to as effector-memory IncRNAs (fig
4c). The expression pattern of the memory specific
INcRNAs clearly shows the segregation of IncRNAs selected

into long-term and effector memory specific (fig 4d).

Long-term specific and effector memory specific InNcRNAs
identified in this analysis could serve as potential
modulators, ensuring the longevity and effector-ness of the

respective class of memory.
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a Naive Vs TEM Naive Vs TEMRA Pre b Naive Vs effector memory  TSCM Vs effector memory
(Upregulated) (Upregulated) (Upregulated) (Upregulated)

e

Naive Vs TEMRA Eff TCM Vs effector
(Upregulated) memory (Upregulated)
c d
NENNNERNENENNEAENANEN NN [LILIIL]]]]

TEM Vs long-term memory TEMRA Pre Vs long-term
(Upregulated) memory (Upregulated)

TEMRA Eff Vs long-term memory
(Upregulated)

Z score

Figure 4. identification of long-term and effector memory IncRNAs. a) Venn diagram showing the identification of IncRNAs differentially upregulated

in naive compared to effector memory compartment (TEM, TEMRA Pre & TEMRA Eff. b) Venn diagram showing the INcRNAs commonly

upregulated in naive, TSCM and TCM compared to effector memory compartments and the intersection of these three as the long-term memory

IncRNAs. c¢) Venn diagram showing the INcRNAs commonly upregulated in TEM, TEMRA Pre and TEMRA eff compared to long-term memory

compartments and the intersection of these three as considered as the long-term memory IncRNAs. d) Heatmap showing the row-wise normalized

z-score of the long-term memory and effector memory IncRNAs across CD4+ T cell memory compartments. Samples (cell types) are arranged

based on their effector profile and variables (genes) are arranged based on the PC1 of PCA
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Selection of INcRNAS for functional

characterization

LncRNAs are shown to regulate protein-coding gene
expression by acting in cis or trans (Chang et al., 2020; Spurlock
Il et al.,, 2015; Zhang et al., 2019). For the current analysis, |
focussed on identifying cis-regulatory IncRNAs. To explore
how IncRNASs function in T-cell memory, | looked closely into
the memory-specific IncRNAs previously identified. This
analysis revealed that some of the IncRNAs were cis to
protein-coding genes studied in T cells, and were found to
be co-expressed (for example, LEF1-AS1 identified as a
long-term memory specific IncRNA is antisense to LEF1,
which is known for its role in long-term memory).
Conventionally, CD4+ T cells are known for their helper
phenotype, where they provide help to other immune cells
like B cells, monocytes, and CD8+T cells, while CD8+ T
cells are known for their cytotoxic phenotype. Despite this
classical dichotomy, CD4-TEMRA have been shown to
exhibit cytotoxicity, as shown in the case of several viral
infections and vaccination strategies (Weiskopf et al., 2015;
Cheroutre et al., 2013; Watson et al., 2016), and have been shown to
be correlate with protective phenotype. To investigate if
IncRNAs have a role to play in defining the effector
phenotype of these CD4 T cells, | first looked into effector
memory specific IncRNAs identified above. | further grouped
these effector memory IncRNAs into all effector memory
(TEM, TEMRA-P and TEMRA-E) and ones specifically
expressed by the TEMRA compartment. To be more
stringent, | put the cutoff as log2foldchange >= 1. Next,
using the UCSC genome browser, protein-coding genes
coming upstream and downstream of selected INcRNAs were

identified. Then, IncRNA-mRNA pairs were formed if the




protein-coding genes were also differentially expressed,
like their corresponding IncRNAs in the respective memory

compartment (fig 5).

Pairwise — differential Selection of DE IncRNAs in all
expression (DE) analysis — effector & TEMRA compartments
of memory (cut off of Padj </=0.05 &
compartments (DESeq2) log2foldchange >/= +1)
Checked whether the Looked for protein
protein-coding genes are also ¢ coding genes upstream
DE and hence formed and downstream of DE
IncRNA-mRNA pairs IncRNAs

Figure 5. Flowchart showing the selection criteria of IncRNAs for functional characterization

Following the selection criteria mentioned above, 15
INcRNA-mRNA pairs were formed from the effector memory
compartment and 1 IncRNA-mRNA pair from the TEMRA
compartment (table 1). To narrow it down further, from the
INcRNA-mRNA pairs formed, IncRNAs paired with protein-
coding genes already studied and shown to be associated
with effector T-cells were considered for functional
characterization. ZEB2-AS1 and ZEB2-AS are two additional
InNcRNAs (cis to ZEB2, a transcription factor associated with
effector memory) considered which are not coming from the
above list. ZEB2-AS1 and ZEB2-AS are upregulated in the
effector memory compartment but compared to other
INcRNAs selected, they have a significant expression in
TSCM (multipotent ability to derive TCM, TEM and effector
T cells (Gattinoni, L. etal.,2011)) but not in naive and TCM similar
to ZEB2. This made them an interesting candidate.
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IncRNASs Cis genes Compartment
KLRK1-AS1 KLRK1 TEMRA

LINCOO0612 KLRG1 All effector memory
LINC02384 IFN-vy All effector memory
LINCO02084 EOMES All effector memory
FAM53B-AS1 FAM53B All effector memory
MSC-AS1 MSC All effector memory
A2M-AS1 PzP All effector memory
DENND3-AS1 DENND3 All effector memory
B3GAT1-DT B3GAT1 All effector memory
ENSG00000257438 NUAK1 All effector memory
ENSG00000271314 PTCH1 All effector memory
ENSG00000271387 Clorf21 All effector memory
ENSG00000234389 IL18RAP All effector memory
ENSG00000235192 GALNT3 All effector memory
ENSG00000276241 CCL4 All effector memory
ENSG00000286942 NMUR1 All effector memory

Table 1. List of IncRNA-mRNA pairs formed following the selection criteria. IncRNAs which doesn’t have an external gene name is indicated by
their ensemble ID. The first pair is TEMRA specific (TEMRA-P & TEMRA-E) and the rest are from all effector memory compartment (TEM &
TEMRA-P & TEMRA-E).

A parallel approach was taken to confirm that the IncRNAs
considered for functional characterization (Table 3) were
effector-memory specific. Weighted gene correlation network
analysis (WGCNA) performed on the bulk RNA-seq of CD4+T
cell memory compartments (mentioned previously) along with a
well-characterized effector immune cell (CD8+ TEMRA
compartment, (kar et al. unpublished) was used for this. 55
modules were identified in the dataset with correlated gene
signatures, both positive and negative correlations. Traits of
interest, such as memory type and cell type were given a
numerical value to ascertain significance with the modules.
Donor type was also used as a trait to discard modules which

showed correlation significance with donors. Modules of
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significant correlation with trait of interest were narrowed down
to 19 and they were associated with early long-term memory
specific, long-term memory specific, effector-memory specific

and late effector memory specific signatures.

Detailed analysis of the modules revealed that the IncRNAs
selected were coming in three modules (which were included in
the 19 modules mentioned): yellow (4 IncRNAs), black (1
InNcRNA), and darkorange2 (1 IncRNA) (fig 6). All three modules
were enriched with effector-memory specific genes, and they
were positively correlated with effector-memory type and late
memory cell type trait (TEM, TEMRA-P, TEMRA-E & CDS8
TEMRA) (Table 2). Therefore, the IncRNAs shortlisted were
confirmed to be effector memory specific. This is further
supported by the evidence that most of the IncRNAs shortlisted
here are expressed by other well-characterized effector immune
cells (NK cells and effector CD8+ T cell) DICE (https://dice-
database.org/) (Hudson, W. H. et al., 2019). Therefore, |
selected those six effector-memory specific IncRNAs for
functional characterization (table 3). Taken together, with the
help of differential expression analysis (CD4+ T cell memory
compartments), data from WGCNA (by considering CD8+
TEMRA with CD4+ T cell memory compartments) and studies
showing the expression of selected IncRNAs by well-
characterized effector-immune cells DICE, | was able to show

that the selected INcRNAs are effector immune-memory specific.
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Module Module-trait Module-trait
correlation correlation

(Memory type) (Cell type)

Yellow 0.83 (2*e"18) 0.75 (2*e"13)
Black 0.71 (1*e-11) 0.63 (7*e”?)
Darkorange2 0.67 (4*e"10) 0.39 (1*e"3)

Table 2. The modules-trait correlation of the modules of interest. The Pearson correlations calculated are statistically significant with p values in

parentheses.
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Figure 6: Heatmap depicting the modules of interest, yellow (a), black (b) and darkorange2 (c) — specific to effector memory. IncRNAs coming

in each module along with some effector-memory specific genes from the modules are highlighted. The genes are ordered according to

hierarchical clustering and each row corresponds to a gene coloured by the normalized z-score. Samples (cell type) are arranged based on their

effector profile.
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IncRNA Cis-gene spearman
correlation (r)
KLRK1-AS1 KLRK1 0.83
LINC00612 KLRG1 0.93
LINC02384 IFNG 0.86
LINC02084 EOMES 0.82
ZEB2-AS1 ZEB2 0.87
ZEB2-AS ZEB2 0.85

Table 3. List of INcRNA-mRNA pairs selected for functional characterization. The corresponding correlation coefficient for each INcRNA-mRNA

pair is given. All the correlation are statistically significant (P (two tailed) < 0.0001).

Additional details of the IncRNA-mRNA pairs

selected for functional characterization

KLRK1-AS1 and KLRK1: KLRK1-AS1 is a IncRNA (4 splice
variants) which is located on chromosome 12 and antisense to
KLRK1. KLRK1 is an activating cell surface receptor
predominantly expressed on cytotoxic immune cells like NK
cells and CD8+ T cells, where their ligands are presented by
stressed cells (LOopez-Larrea et al., 2008). They have also
been characterized as a co-stimulatory molecule of CD8+T
cells (Groh et al., 2001). Recent studies have shown their
involvement in CD4+ T cell differentiation in disease
conditions (Zhou et al., 2023).

LINC02084 & EOMES: LINC02084 is a IncRNA which is located
on chromosome 3 and 9.5 Kb away from the TSS of
EOMES. EOMES, like T-bet (the Thl'master regulator'),
belongs to the T-box transcription factor family (Papaioannou
and Silver, 2003). While it was initially identified for its
involvement in embryonic development, EOMES has now been
shown to perform essential roles in the immune system,

particularly in T cells. Studies on CD8+ T cells have
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established their involvement in cytotoxic activity (Pearce et
al., 2003), and recently, their involvement in CD4+ T cells has
also been identified (Qui et al., 2011).

LINC02384 & IFN-y: LINCO02384 is a IncRNA (2 splice variants)
which is located on chromosome 12 and 224 Kb away from the
TSS of IFN-y. IFN-y is a cytokine secreted mainly by natural
killer (NK) cells and activated T cells. It has the ability to
stimulate the innate immune system, improve antigen
presentation, and mediate antiviral and antibacterial immunity
(Tau and Rothman, 1999). IFN-y plays a crucial role in case of
CD4+ T cells that facilitates the differentiation of naive CD4+
cells into effector Thl T cells (Bradley et al., 1996; Serroukh et
al., 2018).

LINC00612 & KLRG1: LINCO0612 is a IncRNA (2 splice
variants) which is located on chromosome 12 and 54 Kb away
from KLRG1l. KLRG1 is a co-inhibitory receptor found on
natural killer cells and human T cells that have encountered
antigens, which is a member of the lectin-like inhibitory killer
cell receptor family (Ilbegbu et al., 2005;). KLRG1 is
conventionally used as a marker of senescence and is highly
expressed by terminal effector T cells (Henson & Akbar, 2009).
Apart from being a marker of senescence, they have been
shown to be involved in additional signaling pathways in
terminally differentiated T cells (Li et al., 2016; Hu ZhiDong
et al., 2018)

ZEB2-AS1, ZEB2-AS and ZEB2: ZEB2-AS1 (4 splice variants)
and ZEB2-AS (a novel transcript, antisense to ZEB2) is a
InNcRNA which is located on chromosome 2 and antisense to
ZEB2. ZEB2 is a member of the zinc-finger E homeobox-

binding (ZEB) protein family of transcription factors. They are
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most recognized for suppressing epithelial genes to induce the
epithelial-to-mesenchymal transition (EMT) (Vandewalle et
al., 2005). Transcriptome analysis of CD8+ T cells has
revealed that ZEB2 is highly expressed in effector cells
(Gattinoni et al., 2011). And several studies have shown that
ZEB2 probably functions in a broader transcriptional network
with T-bet and ID2, controlling genes required for the
development of the effector-memory T cell state while limiting
the capacity of long-term memory cells (Omilusik et al 2015;
Dominguez et al., 2015).

Regulation of InNcRNA-mRNA pairs at the chromatin

level

Nucleosome-free (de-repressed) region of the chromatin
around a gene body might be an indication towards the
transcriptional state of the gene - active, has been active
recently, or going-to-be active. Simultaneously analyzing the
open chromatin region along with the transcriptome will
provide additional levels of information, such as identifying
what is only poised but not expressed at the transcript level
in a subset-specific manner. To obtain additional level of
information about the IncRNA-mRNA pairs selected, tracks
generated in the UCSC genome browser were used (using data
from bulk ATAC-seq (openness of chromatin) & RNA seq of
CD4+ T cell memory compartments) (Kar et al. unpublished)

(fig 7).

LINC02084 and EOMES: Expression of this IncRNA-mRNA pair
is effector memory-specific, as discussed previously. This is
further visually confirmed based on the RNA tracks in the

UCSC genome browser plot (bottom half). Interestingly, the
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open chromatin analysis shows the TSS to be open across all
the memory compartments irrespective of their effector status
for both EOMES and LINC02084 (indicated by high-intensity
peaks at the start site of EOMES and LINC02084). This hints
toward a regulation by an element further upstream of this
pair. Furthermore, though the intensity at TSS is not variable
across the memory compartments, there is more openness at
the exonic region of EOMES in the effector memory
compartments. This could hint at the propensity of expression
of EOMES upon regulation by its IncRNA counterpart (fig 7a).

LINC02384 & IFN-y: This is also an effector pair discussed
above, with further evidence from the RNA tracks of the UCSC
genome browser. Openness around TSS gradually increases
along with increasing effector-ness of memory compartments
(Naive < TSCM <TCM < TEM < TEMRA-P < TEMRA-E). Further,
as MRNA expression is observed in the effector memory
compartments, the corresponding exonic region is open. This
observation suggests the regulatory potential of LINC02384
with respect to IFN-y expression in an effector-memory-

specific scenario (fig 7b).

KLRK1-AS1l and KLRK1: Expression of this IncRNA-mRNA pair
is TEMRA specific as discussed previously. Though the
expression of KLRK1-AS1 was observed in effector-memory,
the openness near the TSS is the opposite, having the highest
intensity peak in the naive compartment. This suggests a
negative feedback loop for the expression of the IncRNA where
its expression negatively regulates the openness at TSS.
Conversely, for KLRK1, the TSS and exonic region are open
only in the TEMRA compartment, suggesting a plausible
regulation that KLRK1 expression may be tightly controlled by
KLRK1-AS1 (fig 7c).
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LINC00612 and KLRG1: Similar to the previous pair (KLRK1-
AS1 and KLRK1), the dynamicity in the gene body openness
suggests the limited expression of KLRG1 in the effector

memory compartment (fig 7d).

ZEB2-AS1, ZEB2-AS, and ZEB2: the RNA expression level is
high in effector memory and corroborates with openness of
TSS. But the interesting thing to note here is the apparent
MRNA expression in TSCM irrespective of lower levels of
openness in chromatin (indicated by less intense peaks at TSS
as compared to effector memory subsets). This warrants
further significance testing of the peaks (fig 7e).
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Figure 7. Tracks generated in the UCSC genome browser for INcRNA-mRNA pairs. Peaks corresponds to openness of chromatin (ATAC-seq)

and RNA expression level (RNA-seq). Genome position of the INcCRNA gene (green) and their corresponding protein-coding gene (dark blue) is
given at the bottom. Transcript variants are coloured same. For ATAC-seq, openness corresponding to TSS is only labelled (red box). For RNA-
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higher the openness of chromatin and RNA expression level and vice versa.
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Discussion

Large-scale changes occur through the course of memory
development, at both transcriptomic as well as epigenetic
levels. Previous studies have demonstrated that transcriptomic
changes are not limited to protein-coding genes; non-coding
genes were also differentially expressed (Ranzani et al., 2015;
Hudson et al., 2019). IncRNAs, which represent a major class
among the non-coding genes, have been shown to perform a
wide array of functions and have been verified to play regulatory
roles in innate and adaptive immune responses (Zhang et al.,
2019; Petermann et al., 2019; Spurlock IIl et al., 2015).
INcRNAs have also been shown to play regulatory roles in T
memory development, but the studies were Ilimited to
conventional memory compartments (like TCM, TEM) and helper
subsets (Thl, Th2, Th17, Treg) (Spurlock, et al., 2017; Ranzani
et al., 2015). Here, | analysed the transcriptome of CD4+ T cell
memory at a higher resolution by further dividing long-term
memory compartments into TSCM and TCM, and effector-
memory compartments into TEM, TEMRA-P, and TEMRA-E to
extend the understanding of IncRNAs in CD4+ T cell memory
compartments. Principal component analysis (PCA) on the
transcriptome revealed that IncRNAs were differentially
expressed across memory compartments like protein-coding
genes, and they clustered the memory compartments into long-
term memory and effector memory along the PC1. Even though
both protein-coding and IncRNAs clustered the same way, The
PCl (32%) of protein-coding genes was high compared to the
PC1l (20%) of IncRNAs. This could be attributed to the fact that
INcRNAs are lowly expressed molecules as compared to mRNASs
or the distinct expression of IncRNAs across memory is less

pronounced as compared to mRNASs.
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This observation of clustering the memory compartments led to
further exploring the dataset to identify the strong IncRNA
candidates associated with this. Considering the nature of the
dataset | used, having representation from long-term memory
and effector memory compartments, this study helped to capture
strong IncRNA candidates that seem to be associated with
longevity and effector profile of CD4 T cells. Therefore, the
expression pattern of these memory specific IncRNAs might be
useful in defining CD4+T cell memory compartments into long-
term and effector memory compartments. Further studies need
to be performed to verify their regulatory roles and to make a

general statement that they are not limited to CD4+ T cells.

This study also opened up the scope for identifying potential
cis-regulatory IncRNAs and protein-coding genes, where
INcRNAs are known to have regulatory roles on their cis protein-
coding genes (Spurlock 11l et al., 2015; Zhang et al., 2019).
With the differential expression analysis and WGCNA, |
identified effector-memory specific IncRNAs and paired some
InNcRNAs with their cis protein-coding genes. Interestingly, the
INcRNAs selected are also expressed by other well-
characterized effector immune cells (NK cells and effector CD8+
T cells), further supporting their role associated with the
effector profile. Therefore, this study was able to capture
effector-specific InNcRNAs in the CD4+ T cell context, which is a
less explored area. However, functional characterization is

needed to verify their regulatory role.

INcRNAs are also known for their regulatory roles in various
cellular processes and in disease conditions (Patil et al., 2014;
Li et al., 2021). This hints at the notion that tight regulation of
the IncRNAs is critical for normal physiological functioning. To
explore to what degree this notion is applicable to the IncRNAs
selected (for functional characterization), regulation at the
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open chromatin level was explored. The analysis based on
tracks generated in the UCSC genome browser showed that
INcRNAs are tightly regulated at the chromatin level, and this
might be responsible for the tight regulation of their
corresponding protein-coding genes. For example, KLRK1-AS1-
KLRK1 and LINC00612-KLRG1 showed a similar pattern where
the INCRNA expression itself is tightly regulated irrespective of
their TSS openness, resulting in their effector-specific
expression pattern. However, the mentioned observation of
regulation at the chromatin level is purely based on the tracks
generated in the UCSC genome browser using ATAC-seq data,
it demands further analysis of the ATAC-seq data in depth to

make any conclusive statements.

Overall, this study contributed to adding an additional layer of
information to the existing knowledge about the role of InNcRNASs
in the context of CD4+ T cell differentiation into different
memory compartments. Importantly, this study led to the
identification of strong candidate IncRNAs responsible for
longevity and effector profile of CD4+ memory T cells.
Additionally, this study identified potential cis-regulatory
INcRNAs and protein-coding genes specific to effector-specific
memory compartments which represent excellent targets for

future functional studies.
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