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Abstract

Background: We have discovered that CD8+cells actively display quiescent status
in tumor environment with several pathways. Moreover, heterogeneous immune
responses from different patients” CD8+ cells have been confirmed by genome-
wide association study (GWAS). Therefore, heterogeneous immune responses of
CD8+ cells from quiescent status to active status should be addressed by system
biology for personalized immunotherapy.

Methods and Findings: After we measured mRNA expression level obtained from
quiescent CD8+ cells of two liver cancer specimens, significant network with a
discovery of their targeting compounds was uncovered in some subtle differences
of mMRNA gene expression detected in the heterogeneous responses of quiescent
CD8 cells. Etoposide and taurine could inhibit REST (65%) and ERF (87%) in
specimen-1; taurine inhibited both ERF and SKI and loratadine supressed SKI in
specimen-2. Cytotoxic T lymphocyte (CTL) showed 61 + 5.6% by etoposide and 45
+ 9% by taurine in specimen-1 and demonstrated 48 + 6% by taurine and 45 + 4%
by loratadine in specimen-2.

Conclusion: Our results demonstrate that heterogeneous immune responses
of CD8+ cells can be analysed by system biology for further personalized
immunotherapy.
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Introduction

Quiescent T-cell has been defined by small cell size, lack of
spontaneous proliferation and low metabolic rate in some
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special environment such as in tumor tissue [1]. In order to
study quiescent T-cell in tumor tissue, we have used single-cell
technique toisolate the T-cells in tumor tissue which have already
contacted tumor cells and then performed single cell genomics
analysis to study their genomic profiles related quiescent T-cell
network [2]. Our studies have reached the following conclusions
[3]: (1) TIL CD8+cells are an actively maintained quiescent status
in tumour microenvironment as compared to the default status in
the absence of the stimulating signals; (2) CD8+cells maintain the

quiescent status by activating several regulatory pathways; and
(3) these activated signalling pathways finally inhibit cell cycling
to maintain the quiescent state of TIL. In molecular biology. some
scientists supported the genomic profiles related network. For
example, lung-Kriipple-like factor (LKLF, a zinc finger-containing
transcription factor) has been discovered to maintain T cell
quiescence [4]; Tob (nuclear protein) was uncovered to have anti-
proliferative activities by blocking T cell receptor (TCR) engagement
in the presence of either CD28 co-stimulation or IL-2 [5].
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Because some or most of CD8+ cells are quiescent in tumor
microenvironment, the conventional TILimmunotherapy includes
harvesting T-cell from patients’ tumor tissues, stimulating T-cell
by IL-2 under ex vivo culture and then administering to patients
in vivo for immunotherapy. However, current evidences have
indicated that responses of CD8 cells are “heterogeneous”, that is,
T-cells will produce different genomic profiles in different patients
under GWAS analysis [6, 7]. In this study, we performed in silico
analyses of special biomarkers [also called as gene expression
signatures (GES) as genomic terms] related quiescent networks
which they were obtained from genomic data of quiescent CD8+
cells harvested by single-cell technique from a pair of tumor
specimens with similar liver cancer patients. The manual purpose
is to study how to select specific therapeutic targeting molecules
or stimulating agents to perform individual “heterogeneous”
immune responses for further personalized immunotherapy.

Methods

MRNA expression validation

We have reported genomic results of quiescent CD8+ cells or
CD3+ cells from single TIL of two liver cancers. Specimen-1
had primary liver cancer from male, 43 years old with 7 years
HBV positive carrying and specimen-2 was primary liver cancer
from male, 37 years without HBV and HCV carrying history [8].
All quiescent CD8+cell expression profile was confirmed by
guantitative real time PCR. Briefly, as our previous report [9],
the real time PCR assay was performed in triplicates for each
gene. The PCR reaction mixture is totally 50 ul containing 25 ul
2x SYBR Green (BioRad), 500 nM each primer, RNA extract and
1 ul iScript reverse transcriptase™. According to the primer
conditions and manufacture’s recommendations, one step real-
time PCR was performed by incubating at 10 min at 50°C and 5
min at 95°C, followed by 45 cycles of denaturation for 10 s at 95°C
and annealing/extension for 30 s at 55°C. The SYBR fluorescent
signal intensities were recorded and analyzed during PCR in an
ABI Prism 7700 sequence detector system (Applied Biosystems)
using the SDS (Ver. 1.91) software.

Network construction and layout

Definition

To characterize the network and layout [10], we first define the
terms as below:

Seed-proteins

Proteins (nodes) whose genes were differentially expressed
in single cell mRNA differential display and were involved in
quiescent status or active status.

Non-seed-proteins (neighbours)

Proteins (nodes) selected as a consequence of in silico
experimentally validated interactions starting from seed-proteins.

Network

Network that includes seed-proteins and non-seed-proteins
(neighbours) and their interactions. Only seed-proteins linked to
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neighbouring proteins were included in the network analysis.

Network construction

After gene expression signatures of quiescent or active CD8 cells
were profiled using single cell mRNA differential display, the
differentially expressed genes were used in pathway analysis
and network construction. Briefly, seed proteins (seed nodes)
were input into Pathway Studio 5.0 software. Starting from seed
proteins involved in either quiescent status or active status, we
obtained a network through the interaction of these proteins
with their direct neighbours. A general scheme of our approach
included (1) experiments were used as Expand methods
(both edge in and edge out); (2) node filter (entity filter) was
regulatory connectivity (protein-protein reaction) and pathway;
(3) parameters used to generate “network” in the “String
database” were one step method (only direct neighbours); (4):
parameters used to generate the relation filter were protein-
protein interaction (PPI). This configuration implies that only the
experimental evidence with direct interactions was extracted
from the database as valid links for each quiescent or active CD8
network. A detailed description of each parameter can be found
in Pathway Studio 5.0 [11]. We did not consider either the indirect
interaction of proteins or indirect self-interactions. All datasets
with the regulatory connectivity and calculated betweenness of
each protein node within these networks were observed from
the Pathway Studio 5.0 software.

Topology analysis for genomic signatures
Definition
Connectivity

Node connectivity (node degree) is defined as the total number
of edges that connect to a given node.

Regulatory connectivity (or Degree Centrality, DC)

Regulatory connectivity is defined as the total number of protein
edges that connect to a given protein node.

Betweenness (or Betweenness Centrality, BC)

The network diameter is defined as the shortest optimal path
between any pair of nodes divided by average pathway length in
the network.

The network parameters and calculation
DC

DC is protein-protein reaction in the analytic network regarding
pathway and signal transduction as previously defined. Briefly,
networks are generated by loading the proteins which are related
with quiescent CD8 or active CD8 cells into the Pathway Studio 5.0
software with the following parameters: “Expand Methods” (both
edge in and edge out), parameters, “One Step Method” (only
direct neighbors) and “regulatory connectivity” (protein-protein
reaction). The number of all paths in the regulatory networks was
recorded for each gene/ node which was differentially expressed
in quiescent or active CD8 cells. A detailed description of the
regulatory connectivity analysis is available as the Pathway studio
software 5.0 manual.

This article is available in: http://biomarkers.imedpub.com/archive.php



BC

To calculate node BC within networks, we used the traditional
formulation defined as below [12].

oy (V)

Cp(v) = Zsivite\/ pu
st

BC has been established as an important quantity to characterize
the communications between each pair of nodes. The
communication paths: ost (v) is between a pair of nodes (s, t),
which are the shortest pathway through v point and ost is all
number of such pathways from s points to t points. Betweenness
(BC) means ost (v) denoted by o (s, t). Betweenness centrality
is, in some sense, a measure of the influence that a node has
over the flow of information through the network. In theory,
high betweenness nodes lie on a large number of non-redundant
shortest paths between other nodes. In fact, they can thus be
thought of as “choke point”, which is very important parameter
to control the pathway regulation or network.

Biomarker analysis by GES

After topology analysis by using BC and DC, the set of differentially
expressed biomarkers is identified as “topologically significant”,
i.e., “gene expression signatures, GES”. Therapeutic identification
was performed using GES according to the GeneGo software
manual. Briefly, the candidate genes were input into the GeneGo
software. GESs were then used to construct networks that
connected corresponding nodes in the global database of drugs,
small molecules and other agents.

Software availability

GES were processed by the Pathway Studio 5.0. Topology study
is performed by the public software Baysialab in the Pathway
studio 5.0. The GeneGo software [13] was used for therapeutic
identification and drug targeting.

Experimental confirmation
Harvest and culturing

TIL of tumor tissues were isolated and harvested as our previous
publication [14]. Briefly, after tissue was minced into ~ 1 mm?3
pieces and collagenase IV enzyme digestion medium for 4°C
overnight, filtered cells were separated by Ficoll gradient
centrifugation (600 g with 30 min. at 25°C) and the leukocyte-
enriched layer collected for TIL growth. The cell suspensions were
placed at 5 x 10° total cells per ml CM (RPMI-1640 containing
0.1 ug/ml of human recombinant IL-2 and 10% human serum
with 100 U/ml penicillin and 100 pg/ml streptomycin) in a 37°C,
5% CO, humidified incubator for the first four days and then
added inhibiting compounds relied on GES for further 72 hours
inhibition.

Cell and molecule characteristics of heterogeneous responses

After 72 hours of inhibitor addition, cultured cells were analyzed by
cell viability and cell growth inhibition, quiescent gene expression
inhibition assay and TIL cytotoxic activity. mRNA expression was
studied by Q-rtPCR assay and measurement were shown as
previously published [15]. Briefly, after T-cells were harvested

© Under License of Creative Commons Attribution 3.0 License
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and RNA was extracted by Trizol solution, Q-rtPCR analysis was
used to study targeting gene to study mRNA expression level.

To study TIL cytotoxic activity in heterogeneous responses of
quiescent status, cytotoxic T lymphocyte (CTL) assays with co-
cultured with 5 x 10°® target cells were defined by MTT (MTT
Cell Growth Assay Kit, cat, CT02, Millipore Inc, USA) with a
calculation formula as our previous reports [16]. Briefly, after
TIL were cultured at day-7, 5 x 10® autologous tumor cell was
loaded in each well. After cultured for 24 hours for tumor cells, 1
x 10°TIL (at a 50:1 effector: target ratio against target cells) were
loaded into each wells and then incubated for additional 24 hour.
Mechanism of TIL cytotoxic activity for heterogeneous responses
in quiescent status also was measured by Q-rtPCR and Western
blot using Anti-Granzyme B antibody (ab53097, Abcam Inc, USA),
Anti-Perforin antibody (ab97305, Abcam Inc, USA) to confirm
the protein expression level of the heterogeneous responses in
quiescent status.

Results
Subtle difference of gene expression in a pair of specimens

In order to study individual “heterogeneous” immune responses,
we selected 8 candidate genes to study gene expression level from
a pair of two liver cancer patients which were already confirmed
CD8+ cell quiescent genes from single-cell libraries of TIL CD8+
cell (312 and 288 colonies in two specimens, respectively).
After measuring mRNA level change by Q-rtPCR obtained from
quiescent CD8+ cells of the two liver tumor specimens, eight
candidate genes were subtly different as summarized in Table 1
and Figure 1A and 1B. Five genes (Myc, Tob, ERF, Ets-2 repressor
factor, REST and TGF-B) had a high level of gene expression in
specimen-1 and seven genes (KLF2, Ski, Sno-A, Myc, Tob, ERF
and REST) were confirmed a high level of gene expression in
Specimen-2 after 1.5 fold cut off.

Network construction

Although mRNA level from quiescent CD8+cells obtained from
the two liver tumor specimens are subtle change, in order to
study individual “heterogeneous” immune responses in the
system biology, three network were constructed by Pathway
Studio 5.0 software, control-group (all of eight quiescent genes),
specimen-1 (five quiescent genes) and specimen-2 (seven
quiescent genes). In control-group, after all eight (8) seed proteins
were loaded into the Pathway Studio 5.0 software, totally 196
nodes were discovered in the network profiles of quiescent CD8
cells, including 8 seed-proteins and 188 neighbours which are
derived (Figure 2). As Figure 2, one of eight seed protein, Sno-A,
has not any links resulting in non-involvement in the network
analysis (i.e., there was no in silico evidence of interactions). As
Figure 2A and 2B, TGFB1, one of seed protein, is growth factor.
Tob, one of seed is membrane expression protein and other four
of them (c-MYC, REST, ERF and KLF2) are transcription factors
located at nucleus obtained from the networks. As Figure 2C
and 2D, network is constructed symmetrical platform and force
power platform for further topology analysis.

In order to study heterogeneous responses in the networks
for individualized therapeutic targeting, we further analysed
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Table 1 Genomic expression in both specimens.
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Gene expression level change
Gene list Specimen 1 Specimen 2
c-Myc 3.075 5.263
Tobl 1.144* 2.548
REST 0.720* 5.679
ERF 4.926 0.945*
KLF2 0.461%* 3.712
Ski 3.038 3.642
Sno-A 1.617 6.646
TGFB1 1.644 1.501

*Yellow means not change
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\ Figure1 mRNA expression level from both quiescent CD8 cells.
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network construction using force power platform.

N\

Figure2 Network and layout of common pathways from quiescent CD8 cells- A and B are networks constructed at cellular structure level
(A'is plain cellular platform and B is circular cellular platform); C is the network building from symmetrical platform and D is the

~

Cane

J

networks from specimens-1 and 2, respectively. After five seed
proteins from specimen-1 were input into the platform, the
resulting network contains 5 seed proteins and 155 neighbours
derived from direct interaction (Figure 3). As Figure 3A and 3B,
TGFB1, one of seed protein, is growth factor. Tob, one of seed is
membrane expression protein and other three of them (c-MYC,
REST, ERF) are transcription factors located at nucleus obtained
from the networks. Similarly to specimen-1, we studied networks
from specimen-2, which contain 7 seed proteins. Eventfully, 107
neighbours of totally 114 proteins were constructed as Figure 3C
and 3D. Again, Sno-A, a seed protein, had no links in this network
analysis as shown in Figure 2. Although only four proteins are
different between these two samples, i.e., TGFB1 in specimen-1
and Ski, Sno and KLF2 in specimen-2, the resulting networks
(Figure 3A and 3B vs. Figure 3C and 3D) have shown some
differences. The results revealed that only a few of gene change
maybe result in network change in different individuals.

According to our previous report, after activation of IL2, all four
genes (pre-TCR, TRAIL, Perforin and TNF receptor) have a high
expression in activated CD8 cells. In order to study heterogeneous
responses in an activated network, as compared to the quiescent
CD8 cells from both specimens, we also constructed network from
four genes obtained from activated CD8+ cells. In this analysis,
the network contains 4 seed proteins, 81 neighbours and totally
85 proteins in the whole networks as Supplement figure 1A-1D.

Topology analysis

© Under License of Creative Commons Attribution 3.0 License

We first studied eight quiescent genes listed in the common
network from both specimens with 196 nodes, including 8 seed
proteins and 188 non-seed proteins. The results of topology
regarding regulatory connectivity are summarized in Table 2 and
displayed in Figure 4. The higher regulatory connectivity of a
protein means more direct interactions with other proteins, such
as c-Myc (85) and TGFB1 (63). The lower regulatory connectivity
of a protein means fewer direct interactions with other proteins,
such as Tob1 (4), KLF2 (2), REST (13) and Ski (18).

Betweenness centrality (BC) is very important measurement for
downstream targeting hub. Here we used a formula to study BC,
or a pair of node (s, t), the shortest pathway through v point is
denoted by o (s, t). Although regulatory connectivity is similar to
shared proteins in both specimens as results shown above, the
values for BC are greatly different in some hubs such as c-Myc,
ERF, REST and Tobl between specimen-1 and specimen-2 as
shown in Table 2 and Figure 5A-5C.

GES analysis

Recently, therapeutic targeting such as drug targeting, small
molecule targeting, Ab targeting and RNA-interfering therapy has
focused on GES based on topology analysis. Most publications
focused on two parameters in topology, DC and BC as a
measurement. Theoretically, both BCand DCall play an important
role in cell function while DCis also likely to be toxic due to their
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Figure 3 Network and layout of individual pathways in Specimen 1- A and B are networks constructed at cellular structure level (A is plain

cellular platform and B is circular cellular platform) from specimen-1; C and D are networks constructed at cellular structure level

\ (Cis plain cellular platform and D is circular cellular platform). /

Table 2 Regulatory connectivity and betweenness centrality.

Betweenness centrality
Nodes Both connectivity
(Both specimens) (Specimen one) (Specimen two)
Tobl 4 0.22 0.092 0.142
Ski 18 0.31 N/A 0.451
Sho 0 0 N/A 0
TGFB1 63 0.012 0.121 N/A
KLF2 2 0.092 0.098 0.098
ERF 1 0.35 N/A 0.512
REST 13 0.38 0.113 0.214
c-myc 85 0.012 0.142 0.112

6 This article is available in: http://biomarkers.imedpub.com/archive.php
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networks from common pathways; B is individual networks of Specimen 1 and C is individual networks from
Specimen 2.
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system-wide influence, thus we search GES with higher BC and low
DC. A high BC value indicates a significant targeting node because
it is very important hub in the cell functional network and low
DC means very few branches without their system-wide influence
to cause whole cell functional toxicity. This study has similar DC
so that we analyzed higher betweenness as key nodes. After GES
were defined by topology analyses, the nodes were loaded into
the GeneGo softwere to mine drugs, small molecule and other
molecular therapy agents. The resulting drug candidates were
combined with GES and loaded into the Pathway Studio software
to predict therapeutic targeting. For example, we predicted that
drugs like etoposide and taurine could inhibit quiescent CD8 cells
in specimen-1 as Figure 6A and loratadine and taurine could
directly inhibit quiescent CD8 cells in specimen-2 as Figure 6B.

Experimental confirmation

According to previous evidence for TIL CD8+cells quiescent
status, we studied two set of compounds at culture day-4 with 72
hour induction. After culture at day-7, inhibition of targeting gene
expression were confirmed that etoposide could, respectively,
inhibit 65% and 87% REST and ERF gene expression but without
SKI gene inhibition; taurine can inhibit 88% and 87% REST and
ERF gene expression but without SKI gene inhibition while
loratadine have not any obvious inhibition for REST, ERF and SKl in
specimen-1as Figure 6C. Taurine inhibited ERF and SKI expression
and loratadine only inhibit SKI in specimen-2 as Figure 6D.
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Following inhibiting analysis of CD8+cells, cytotoxic T lymphocyte
(CTL) assays were used to study cytotoxicity of TIL activity.
Cytotoxic T lymphocyte (CTL) was measured for effector:target
ratio by 1:50 using autogenously tumor cell as Figure 7A. The
results of killing activity showed 61 + 5.6%, 45 + 9% and 21.2 +
3% inhibited by etoposide, taurine and loratadine, respectively, in
specimen-1 and 19.2 + 3.2%, 48 + 6% and 45 + 4%, respectively,
in specimen-2. Mechanism of heterogeneous responses of TIL
was confirmed by a Western blot using anti-granzyme-B antibody
and anti-perforin antibody. Results of Q-rtPCR and Western blot
demonstrated granzyme-B and perforin were highly expressed by
etoposide and taurine to inhibit REST and ERF at specimen-1 while
granzyme-B and perforin were highly expressed by inhibition of
loratadine and taurine to SKI and ERF in specimen-2 as Figure 7B
and 7C. As most of inhibiting compounds, we also see that drugs
interfere TIL growth curve to compare normal TIL cells as Figure
7D, and viability as Supplement Figure 2, especially by Loratadine
inhibition.

Discussion

In order to study heterogeneous responses in network, we
used almost similar two specimens with similar history and
pathological results (difference between two specimens was only
HBV positive carrying in specimen-1). Network analysis is a useful
tool to study the complexity in heterogeneous responses of CD8
cell quiescent and active status. Many genomics publications
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have extensively reported network construction. However, as we
have demonstrated that a tiny change (including noise) of key
nodes can be magnified in network analysis. This drawback has

© Under License of Creative Commons Attribution 3.0 License

demanded scientists and physicians to develop more accurate
genomics analyses. In order to overcome this kind of challenge,
we applied for data generated from single cell mRNA differential
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display to analyse network. We selected the seed proteins
obtained from differentially expressed genes in single cell level
and analysed networks based on these seed proteins and their
neighbour proteins.

Up to now, genomics profiles have been successfully used in
analysis for clinical application [17]. New generation medicine such
as “precision medicine” has encouraged physicians to develop
the accurate genomics diagnosis with network construction to
apply for the new fields. Here, we first used the data generated
from “pure” genomic data to study a network. This research aim
is subject to study subtle individual immune response to further
apply for personalized immunotherapy.

Network studies including BC and DC play an important role in
therapeutic targeting [18]. In these data from two specimens, we
obtained some similar nodes (including four genes: c-Myc, Tob-1,
ERF and REST) from two specimens indicating a shared response
in quiescent network. After network analysis to study the
complexity of individual responses of CD8+ cell quiescent, once
one or more proteins are added into network, such as TGFB1
increase from specimen-1, it could result in individual pathway
shifts in network. Although DC and BC all play an important role in
therapeutic targets, here a high BC value is defined as significant
targeting nodes because they belong to very important hubs in cell
functional network without more toxicity [19]. Following system
modeling results, we defined REST and ERF as GES for therapeutic
targets in specimen-1 and Ski, Tobl and ERF in specimen-2.
Compounds inhibiting GES further support our network analysis.
For example, etoposide and taurine could inhibit REST and

10

2015

Vol. 1 No. 1:3

Biomarkers Journal

ISSN 2472-1646

ERF in specimen-1 and loratadine and taurine could directly
inhibit Ski, Tobl and ERF in specimen-2. Moreover, etoposide
and taurine can significantly increase CTL in specimen-1 while
taurine and loratadine increase CTL in specimen-2. Mechanism
analysis of individual responses of TIL demonstrated granzyme-B
and perforin were highly expressed by etoposide and taurine at
specimen-1 while granzyme-B and perforin were highly expressed
by inhibition of loratadine at specimen-2 as Figure-8. Our results
demonstrated that an in silico network analysis can be employed
for personalized immunotherapy [20].
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