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The host immune system is a key player in anticancer therapy response and resistance.

Although the impact of host immune response in the ‘war against cancer’ has been studied
and it has been the basis for immunotherapy, understanding of its role in attenuating the
action of conventional anticancer therapies is an area that has not been fully explored. In

spite of advances in systemic therapy, the 5-year survival rate for adenocarcinoma is still
a mere 13% and the primary reason for treatment failure is believed to be due to acquired
resistance to therapy. Hence, there is a need for identifying reliable biomarkers for guided
treatment of lung and colon adenocarcinoma and to better predict the outcomes of specific
anticancer therapies. In this work, gene expression data were analyzed using public
resources and this study shows how host immune competence underscores the efficacy of
various anticancer therapies. Additionally, the result provides insight on the regulation of
certain biochemical pathways relating to the immune system, and suggests that smart
chemotherapeutic intervention strategies could be based on a patient’s immune profile.
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Anti-angiogenesis
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1. Introduction

Cancer immunology has been studied and researched over many
years to unravel the key mechanisms that determine therapeutic
synergy or antagonism for cancer patients based on individual host
immune environments. Traditional chemotherapy and other
targeted therapies have been effective in combating many types of
cancer. However, the efficacy of these interventions is determined
by off-target effects within the host immune system [1]. Review of
the literature shows that host immune response is key to the
success of anticancer therapies through a process known as
immune-surveillance [2].

Studies have shown that type-1 interferon can convert tumor
associated macrophages (TAMs) into tumor-antagonizing
macrophages by up-regulating the expression of dendritic cells in
breast cancer. This results in increased CD8+ T cell population
with reduced tumor growth and metastasis. As such, the
combination of chemotherapy together with drugs that repolarize
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TAMs may be exploited to achieve greater patient responses and
prevent resistance mechanisms within the immune system [3].
Some chemotherapeutics skew the polarization of macrophages
directly, or indirectly via regulating cancer cell secreted factors [4].
FOXP3 expressing regulatory T cells (Tregs) are well-known for
their immunosuppressive function in tumors [5]. They are a subset
of CD4+ T cell population, which are involved with adaptive
immune response. Tregs are known to be sensitive to
cyclophosphamide and their depletion improves the potency of
platinum-containing chemotherapeutic drugs against lung
adenocarcinoma [6].

Another study has shown that Interleukin-17 (IL-17) producing
CD4+ T cells limit the ability of 5-Flouro Uracil (5-FU) to delay
the growth of subcutaneous thymoma cells. In contrast, IL-17
elevates the therapeutic efficacy of doxorubicin in sarcoma.
Hence, the mode of action of these CD4+ T cell is paradoxical and
depends widely on the cancer type [6]. However, their
manipulation may be a useful strategy to determine the efficacy of
chemotherapy.
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Host immune response is known to significantly regulate the
response of anti-angiogenic therapies [7]. Studies suggests that
TAMs counteract the potency of anti-angiogenic agents; one such
example is anti-angiopoietin 2 (ANGPT2), which decreases the
blood vessel density of tumor and promote its remission.
Interestingly, it also prevents the TIE2-expressing macrophages
from associating with endothelial cells [8]. Together, these
findings support the rationale for combining anti-angiogenic drugs
with macrophage-targeting strategies to increase the efficacy of the
former, particularly in tumors that develop resistance to anti-
VEGF therapy. Despite the scientific progress in the field, a
complete understanding of the role of the host immune system’s
response in improving the efficacy of anticancer therapies is
greatly needed. There has been no systematic analysis carried out
to evaluate the efficacy of different anticancer treatments based on
host immune profile and subsequent application of this knowledge
to develop reliable biomarkers to predict how well patients will
respond to a treatment interventions.

Lung cancer continues to be the leading cause of death in
industrialized countries and most commonly occurring disease
among smokers. It can be broadly categorized into small cell lung
cancer (SCLC) and non-small cell lung cancer (NSCLC). About
80-89% of patients suffer from the latter with most common being
lung adenocarcinoma (LUAD), which has the average survival rate
of 12-15% [9]. It develops on the outer parts of the lung or ‘in-situ’
and tends to grow slower than other types of cancer resulting in
late-stage detection and a paucity of late stage treatments.

Colon adenocarcinoma (COAD) is the third most common
cause of cancer mortality worldwide and fourth in the United
States. Even though the 5-year survival rates have improved over
the last 3 decades with ~95% in stage-l, it still remains low for
stage III (~61%) and reaches only 8% for patients in stage IV. The
treatment regimen involves mainly two classes of chemotherapy-
alkylating agents and antimetabolites. However, the therapy is
often insufficiently effective, with some patients exhibiting strong
chemo-resistance. Therefore, host immune-competency plays a
vital role to promote immunosurvelliance and disease regression
[10].

Chemotherapy is one of the most common interventions for
cancer care. It uses certain drugs to kill cancer cells or to stop them
from growing and spreading to other parts of the body. This
therapy works by damaging the DNA inside the nucleus of the
transformed cells. While some drugs damage cells at the point of
cell division, others damage the cells during DNA replication prior
to division. Based on these differences in the mechanism of action,
the chemo drugs can be classified into three main therapy types

[11]:

(i) Alkylating agents: This class of drug directly targets DNA
to repress a cell from reproducing. These drugs are not cell cycle
specific and can be used for wide range of cancers.

(i1) Antimetabolites: This class of drug interferes with DNA
and RNA synthesis by substituting for the normal building blocks
of nucleotides. These agents damage cells during the S phase of
cell cycle, when the cell’s chromosomes are being copied.

(iii) Mitotic inhibitors: This class of drug is primarily derived
from plant alkaloids and other natural products, and they operate
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by stopping mitosis in the M phase of the cell cycle by disrupting
microtubule formation.

(iv) Anti-Angiogenesis: This class of drug is most widely used
in the domain of vascular-mediated therapy [12], which is another
class of treatment strategy that involves the impairment of tumor
nutrition by targeting tumor blood vessel.

The single gene analysis method has been instrumental in our
understanding of cell-biological processes, especially in
elucidating the correlation between mutation and cancer. However,
with increased understanding of the disease etiology, we have
come to realize that it is not usually a single gene but a set that
contribute to the clinical manifestation of cancer. Hence, it is more
relevant to study the changes initiated by a set of genes, which can
dramatically alter various cell biological and metabolic pathways.
Along this vein the commonly used approaches to analyze a
geneset are by over representation or aggregate score calculation.
The latter is more reliable as it calculates the aggregate score for
each geneset based on the gene-specific scores for that geneset and
overcomes the limitations of over-representation analysis, which
relies on the cutoff used in generating the geneset and can vary
considerably depending on the gene list [13].

High throughput data like RNA-seq and microarray have
fueled knowledge-based approaches like Gene Set Enrichment
Analysis (GSEA), with access to publically available datasets for
gene expression and clinical outcomes from TCGA. GSEA is
widely used in studies that compare and contrast two conditions
(for example disease vs. normal states) and usually focuses on a
handful of genes that are either up or down regulated in the
process. Therefore, in the present study we used GSEA to extract
significant information at the level of functionally related geneset
between the two clinical conditions (Fig 1.).

While GSEA provides a ‘bird’s eye view’ of interactions
between the drug treatment and the geneset significantly
overrepresented in the phenotype being compared, not all the
members in the geneset contribute equally to attain significant
enrichment. As described by Subramanian et al., there are leading
edge subsets of genes within the set that appear in the ranked-list
before the point at which the running sum reaches its maximum
deviation from zero [14]. These sets of genes are called ‘leading
edge genes’ as they contribute more to the enrichment score of a
geneset during geneset enrichment analysis. A gene that is in many
of the leading edge subsets is more likely to be of higher
significance or interest compared to other genes. called ‘leading
edge genes’ as they contribute more to the enrichment score of a
geneset during geneset enrichment analysis. A gene that is in many
of the leading edge subsets is more likely to be of higher
significance or interest compared to other genes.

In the current study, we used publically available datasets from
TCGA for lung and colon adenocarcinoma samples along with the
therapy regimen and response type - Progressive Disease (PD)
(ineffective therapy with continued growth and spreading of
cancer), and Complete Remission (CR) (state of disappearance of
all signs of cancer in response to a treatment regimen) - to come
up with putative biomarkers specific for both cancer types and
different anticancer therapies using GSEA. Finally, to determine
the prognostic ability of these biomarkers, we performed survival
analysis.
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2. Material and Methods
2.1. Data Access and Processing

The Cancer Genome Atlas (TCGA) public resource was used
to download RNAseq gene expression datasets (level 3) for lung
adenocarcinoma (LUAD) and colon adenocarcinoma (COAD).
The expression set was quantified using RSEM method (RNA-seq
by expectation maximization). Additionally, the genesets were
obtained from MsigDB (http:/software. broadinstitute.org/gse
a/msigdb), which was explicitly integrated with the GSEA tool
[15]. Five geneset categories, namely, hallmark, canonical
pathways (CP), GO genesets (C5), oncogenic signatures (C6) and
immunologic signatures (C7) were selected from the MsigDB
collection, which included genes involved in cancer, immunology
and biochemical pathways. The information relating to therapeutic
interventions including drug name and response type for these
patients was obtained from Nationwide Children’s Hospital, which
serves as the Biospecimen Core Resource (BCR) for TCGA.

The clinical data for lung adenocarcinoma consisted of four
therapies discussed in the previous section, whereas alkylating
agents and antimetabolites were the most preferred intervention for
colon adenocarcinoma [16]. The drug information and patient
response were then mapped with gene expression data using the
TCGA 1D as the primary identifier as shown in Table 1.

Table 1. Four therapy-classes were identified based on the information obtained
from BCR for TCGA- LUAD tumor samples. Each named-drug used on the patients
are listed under respective therapy-class.

Mitotic . . Anti-
e Antimetabolite ) .
Therapy Inhibitor angiogenesis
Cholrambucil,
carmustine,

dacarbazine,

Alkylating ‘

Taxol, 5- Flourouracil,

temozolomide, | Ixabepilone, capecitabine, Avastin,
altretamine, vinblastine, floxuridine, sunitnib
cisplatin, vinorelbine gemcitabine
carboplatin,
oxalaplatin

2.2 GSEA
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2.3 Leading Edge Genes

We performed leading edge analysis on the enrichment results
from GSEA, to identify genes that were significantly enriched
across the PD vs. CR in LUAD and COAD. The leading edge
analysis was carried out for genesets that were significantly
enriched in the GSEA (FDR < 0.25, p-value < 0.05) across
different geneset categories (C5, CP, hallmark, C7 and C6) and for
all anticancer therapies. The leading edge genes obtained from the
analysis were merged for each geneset category into the PD
upregulated and CR upregulated groups.

2.4 Functional Association of Leading Edge Genes with GO terms
(FAGO)

In order to extract functional annotation for the leading edge
genes we used ClueGo, a Cytoscape plugin [17] that gives
biological interpretation and systematic organization for a large list
of genes. The list of leading edges genes for each anticancer
therapy (for both PD and CR separately) was provided to ClueGo
to obtain a list of gene-clusters that are functionally associated with
a specific GO functional categories including biological processes
(BP), cellular component (CC), molecular function (MF) and
immune based terms. From a large list of GO terms, the terms that
had significant p-value and high percentage term association were
extracted and labeled as ‘functionally associated GO terms’
(FAGO). There were several repetitive terms which performed
similar function. Merging of all such FAGO terms helped us in
downstream analysis.

2.5 Therapy Associated Biological Functions (TABF)

Each anticancer therapy has a different mechanism of action to
stop the cancer cells from growing; each mechanism evokes
perturbations in a complex system with several immunological
processes and biological pathways involved. To evaluate the
efficacy of each intervention, a comprehensive understanding of
the mode of drug-action and the processes/pathways affected is
necessary. Therefore, we searched the literature for concepts
related to action mechanism in each drug category which were
known to affect the efficacy of the therapy. These concepts/terms
were labeled as ‘therapy associated biological functions’ (TABF).

2.6 Mapping of TABF with FAGO terms
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To identify relevant biological function affected by a therapy,
we integrated TABF term for each therapy with related FAGO
terms. While TABF term provided experimental evidence through
the literature, FAGO defined concepts used to describe gene
function. For instance, STAT3 signaling is known to be involved
with tumorigenesis in all chemotherapies [18]. Here ‘STAT3
Signaling’ is TABF and it is mapped with all the related GO terms
(FAGO terms) present in PD.

2.7 Extraction of Unique Genes and Survival Analysis

The genes associated with mapped FAGO-TABF terms were
retrieved for both disease outcome phenotype (PD and CR) as well
as for all therapy groups. The duplicate gene entries were discarded
and the list of genes from each therapy were compared to
determine common and mutually exclusive genes between all
therapies in both phenotypes (PD and CR). Survival analysis was
performed for genes unique to each therapy using PrognoScan - a
survival prediction tool with a collection of publicly available
cancer survival data [19]. A list of genes specific to each treatment
and phenotype was provided as input for the PrognoScan tool [20].
The survival performance was evaluated based on p-value, where
avalue < 0.05 indicated good overall survival while a greater value
indicated poor survival. The genes obtained from survival analysis
were further evaluated for immune related function using Immport
which is a comprehensive list of immune related genes [21].

2.8 Study of Expression Variance for Biomarker Prediction

We performed statistical tests (ANOVA and Wilcoxon signed
rank test) to detect putative biomarker genes whose expression
significantly varied across the two phenotypes (PD vs CR) for each
anticancer therapy in LUAD and COAD samples.

3. Results
3.1. Data

As shown in Table 1. 129 samples along with therapy
information were obtained from BCR-TCGA for LUAD.
Alkylating agents had the highest number of samples (60) due to
its wide drug target spectrum, whereas 42 samples were divided
amongst alkylating agents and antimetabolite therapy for COAD
with clinical outcome (PD vs. CR) as shown in Table 1 with
almost equal number of samples.

3.2. Gene Set Enrichment Analysis (GSEA)

Gene sets were filtered based on the p-value cutoff (<0.05) and
FDR (<0.25), and we found significantly higher enrichment for
complete remission in all four therapies for LUAD as reported in
Table 2. High enrichment of oncogenic signatures (C6) in CR
phenotype were reported for antimetabolite (PD: 0, CR: ~53%),
mitotic inhibitor (PD: ~5%, CR: ~24%) and anti-angiogenesis
(PD: 0, CR: ~58%). No significant enrichment was recorded for
canonical pathway (CP) in both PD and CR for alkylating agents.
However, in COAD oncogenic signature geneset (C6), PD
phenotype was highly enriched in both therapies and a similar
trend was observed for the hallmark geneset category as shown in
Table 2. That said, the C7 category (immunogenic signatures) was
equally enriched in PD and in CR for alkylating agents. Between
lung and colon adenocarcinomas, we found higher overall
enrichment for PD in COAD as opposed to LUAD.
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Table 1. Distribution of LUAD and COAD samples based on therapy and outcome
(PD vs CR) obtained from BCR-TCGA.

Lung adenocarcinoma (LUAD) Colon Adenocarcinoma (COAD)
Thera Progressive | Complete | Total Progressive | Complete | Total
7 Disease | Remission | (Therapy Disease [Remission| (Therapy
PD R wise) PD CR wise)
Alkylating Agent 13 47 60 7 12 19
Antimetabolite 7 26 33 13 10 23
Mitotic Inhibitor 5 10 15 [N
Anti-
. . 6 15 21 | = | e | -
angiogenesis
Total(Response
31 98 129 20 22 42
Type)

Table 2. Enrichment percentage for significantly enriched (p< 0.05, FDR < 0.25)
genesets from GSEA across PD vs. CR in each anticancer therapy for LUAD and
COAD samples.

Progressive disease (PD) Complete Remission (CR)

Lung
Adenocarcinoma

(LUAD) Cs C6 c7 cp

Hallmark| C5 (e c7 CP [Hallmark

Alkylating agent 0 4.20% | 0.30% 0 26% 14% | 7.4% | 0.4% | 0.0% 6%
Antimetabolite | 0.2% 0 0 0.9% 0 0.2% | 51.3% | 1.2% | 9.9% 20%
Mitotic Inhibitor | 1.9% | 4.8% | 2.4% | 10.7% 38% 8.2% | 243% | 4.7% | 8.2% 32%
Anti-angiogenesis| 2.5% | 0.0% | 1.7% 1.4% 14% 10.9% [ 57.7% | 3.8% | 5.8% 36%
Colon Progressive disease (PD) Complete Remission (CR)
Adenocarcinoma
(CoAD)
Alkylating agent | 9.2% | 20.6% | 7.5% 4.0% 16.0% | 0.0% | 0.0% | 8.2% |52% | 0.0%
Antimetabolite | 5.9% | 23.2% | 6.6% 2.7% 22.0% | 1.2% [ 0.0% | 0.1% | 0.1% | 2.0%

C5 C6 c7 cP Hallmark| C5 (¢} c7 CP |Hallmark

3.3. Leading Edge Genes

This trend was reversed in the case of COAD, where large
number of leading edge genes enriched across PD for both the
alkylating agents (PD:4495, CR:214) and antimetabolite therapies
(PD:4907, CR:765) as shown in Figure 2. This result is consistent
with the GSEA results shown in Table 2.

3.4. TABF-FAGO term mapping

We next sought to identify the functions associated with the
genes within various enriched genesets. The Functionally
Associated GO-terms (FAGO) for all the genesets were obtained,
using ClueGO analysis. The number of genes associated with each
of the GO terms is shown in Table 3. Majority of the FAGO terms
belong to biological processes (BP) or immune-related processes
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for both LUAD and COAD. The TABF terms and mapped FAGO
terms are reported in Tables 1-12 in Appendix I section and have
been explained in detail in the discussion section.

Leading Edge Genes in LUAD Leading Edge Genes in COAD

5000 14688 6000

4500 4232 4115 4907
4000 3824 5000 1495
3500 1000
3000
2500 1PD | 3000 PO
2000 R @®
. 2000
1500
1160 o 997
1000 ‘ ‘ ‘ 765
1000
« Qi - | |
0 — 0

Alkylating Agents ~ Antimetabolites  Mitotic Inhibitor Anti- Angiogenesis

Alkylating Agents Antimetabolites

3.5. Survival analysis and Biomarker Discovery

The set of non-repetitive genes from each TABF-FAGO term
mapping was extracted for survival analysis. However, due to the
interest in seeking specific biomarkers for each therapy, only
genes that were unique and non-overlapping between the
anticancer therapies were extracted. The result showed 120
common leading genes across all four therapies for CR and 0
genes common across PD in LUAD. Similar to the analysis of
genes unique to the therapy, analysis of these 120 common genes
was also completed as shown in Figure 3. However with COAD
data, both alkylating agents and antimetabolite therapies target the
cell cycle and are involved in its disruption, which explains the
large number of overlapping genes for both PD (103 genes) and
CR (1107 genes) as shown in Figure 3.

Table 3. The number of FAGO terms mapped with TABF terms in each GO term

category for all the anticancer therapies across PD and CR for LUAD and COAD
samples.

Lung Adenocarcinoma (LUAD)
Therapy Alkylating agents Antimetabolite
D R PD R
Tersac0 5 Faso fen
GO term Category [FAGO Mapped % mapping FAGO % mapping| FAGO % mapping FAGO % mapping
o Mapped Mapped Mapped
Terms Terms Terms
B'“'”'::L;"““s s ) 00 338 74 218 | 3 0 00 57 13 228
Celliarcomeenent]| 0 0 28 o0 00 0 0 NA 6 0 00
(cc)
Molecular Function 6 0 0 38 3 7.9 0 0 NA 34 4 11.8
(MF)
Immune system | o 6 00 70 3 43 | o 0 NA 27 27 1000
process
KEGG 20 3 15 17 4 235 [0 o NA 40 8 200
Total 46 18 3913 492 84 19 33 NA_ 164 52 33
Therapy Anti-angiogenesis Mitotic Inhibitor
PD R D R
i) g0 g g0
GO term Category [FAGO Mapped % mapping FAGO % mapping| FAGO % mapping FAGO % mappin
gory 1:: - pping Mapped % M2PPIng Mapped % M2PPInE Mapped % m2PFIng
Terms Terms Terms
B'°'°g':;:'°°e” 36 29 806 136 37 272 |22 22 00 76 32 421
Cellular Componenti] 0 00 26 0 00 | o o NA 3 0 00
(cc)
Molecular Function | 0 00 13 4 08 [0 o NA 9 9 100.0
(MF)
Immune system | 23 %20 57 40 702 | 3 3 100 148 49 331
process
KEGG 3 1 33 27 6 22 [ 1 o 0 E) 300
Total 78 53 679 250 87 2 |2 2 %2 266 99 424
Colon (COAD)
Therapy ‘Alkylating agents Antimetabolite
PD CR PD CR
e g0 g raco
GO term Category [FAGO Mapped % mapping FAGO % mapping| FAGO % mapping FAGO % mapping
o Mapped Mapped Mapped
Terms Terms Terms
BECEES || g 4 400 10 5 500 |25 7 28 100 6 6
(8P)
CLIE Tt 45, 4 333 12 s a7 | o 0 NA 13 4 308
(cc)
Molecular Function | 0 NA o o NA | o 0 NA 0 0 NA
(MF)
Immune system | ;¢ 17 472 23 8 348 | 20 11 55 s6 17 304
process
KEGG 1 1 100.0 0 0 NA 4 1 25 0 0 NA
Total 59 26 440 45 18 400 | 49 19 390 169 27 16
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Alkvalting
Alkyaiting

Alkylating Antimetabolite Alkylating

Antimetabolite

Simultaneously, the number of immune-related genes in each
case using a comprehensive list of known immune related genes
from Immport was evaluated. Results show a good percentage of
immune related genes. Of all these total genes involved in good
and poor survival, ~39% genes (in CR) ~48% genes (in PD) for
LUAD, and ~42% genes (in PD) and ~14.6% (in CR) for COAD
were related to immune response as shown in Table 4.

3.6. Expression Variance

The gene expression data was used in statistically analyzing
expression variance across the PD vs. CR for all survival genes
using ANOVA and Wilcoxon ranked test. The immune-related
genes, which showed significant expression variance (p-value <
0.05), are presented in Table 5 for LUAD and Table 6 for COAD.
In lung adenocarcinoma, the data resulted in 2 immune-related
biomarkers for alkylating agents and 6 for antimetabolites, 17
gene biomarkers for mitotic inhibitors, and 33 gene biomarkers

Poor Survival % in LUAD Good Survival % in LUAD

22%
256

247 15.0 2513

Alkylating Antimetabolite Alkylating Antimetabolite

Mitotic Inhibitor = Anti-angiogenesis = Mitotic Inhibitor  ® Anti-angiogenesis

Poor Survival % in COAD Good Survival % in COAD

Alkylating = Antimetabolite Alkylating = Antimetabolite
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for anti-angiogenesis, as shown in Table 5. For colon Table 4. The number of sgrvival analysis.genes with known immune function for
adenocarcinoma, 5 biomarkers for alkylating agents and 8 PD and CR in all the therapies for LUAD and COAD.

expression biomarkers for antimetabolites were seen in Table 6. Lung Ad i
. . . . P Disease (PD) C (CR)
The expression biomarkers are rgpre.sented as boxplots in Figure Therspy | Poor Timmune [ immune | Good | immune | immune
5 and Figure 6, where a clear distinction between PD upregulation Survival | related | % | Survival | related | %
. . Alkylatir 54 18 33.3 6 4 66.7
compared to CR for DEF126 in alkylating genes are seen for I : T BT B B
LUAD, while JUNB has very high overall expression with high Mitotic Inhibi 77 49|  e36]  e42] 21| 329
. . . Anti: i i 83 35 42.2 377 179 47.5
variance for PD as compared to CR. In antimetabolites, we found Total 27| 10s|  4s3]  11s]  a79] 39
a good differentiation in expression for two groups: PD vs. CR Colon Adenocarcinoma __

. - Progressive Disease (PD) Ci (CR)
response phenotype, for all the 6 genes including SIVA1, DNM1 Therapy poor | immune | immune | T immune | immune
and TNFRSF14, which shows a significant variance with high Sunvvall[ielated [ e || %

. . . . Alkylating 378 221 58.5 27 3 11.1
expression for CR as shown in Figure 5. The highest number of e s 3 >3 % T
gene expression biomarkers were found in mitotic inhibitors, with Eotal Sl_zed__dadl___izk EL_kic

a mixture of PD and CR upregulated genes with immune-based
function. SRGN, MAPT, ABR, NPBL, STXPBI, NFE2LI,
AATF, and VEZF1 were genes with striking difference in
expression across PD and CR. The anti-angiogenesis therapy had

Immune genes Total number

17 genes with striking expression variance, with 3 genes with high of immune
. . . Therapy PD_UP CR_UP expression related genes %
upregulated for PD and 14 for CR. A significant expression variance based on | after survival
] d lysi
variance was seen across PRAKAA2, FI13Al1, NUPRI, P BTG anovaan ATy
. ’ 2 22 9
RAPGEF4 and STK38L in PD compared to CR. Agents ks —
. . . Antimetabolite SIVA1,TNFRSF14,RAB 6 88 6.8
In COAD, we found 35 significant immune-related 34,DNML

GNB1,TNFRSF25, ID4,

biomarkers - NPPB, SIOOA3, PPBP, LCNLI, PRDXZ, RAPGEF4, NRP2,
TNFRSF11A, S100G, LEFTY1, IL13RA2, CXCR1, S100A12, PO s poron | |20 STIGEL .
FAM3C, CCK, PSMD14, PROK2, IL20RB, S100A9, WNT5A, e
TNFRSF11B, INHBC, APLN, MALTI, IFNE, RLN2, KLRC2, m
NCR1, KLRC3, PSPN, CRLF3, IL15, CDH1, COLEC10, GAST,

F13A1

HLF, MAPT, ABR,
HSPG2, CASP2,

SP1, and CRABP2 were upregulated for PD while two genes, MARESBAGI)  pearo, sTxeP1,
IL18RAP and IL24, were significantly upregulated for CR in IL10RB, | T o s,

Mitotic Inhibitor MAEA, 33 260 12.6

alkylating agents. In antimetabolite therapy, 8 immune-related STIM, ITPR3, NLK,

K . NPYSR, | sRc, PRKACA, NFE2LL,
biomarkers were indicated: EIF2AK2, FABP5, FCN2, HRAS, ovier | mipkLsuT1, NoDY,
IL10, NAMPT, SEMAA4G, and TAP2 were upregulated for PD, DoKpvires AniE
and three genes, IGF2R, NOV, and IL17C, were upregulated for
CR as shown in Figure 6.
Alkylating agents Antimetabolite Anti-angiogenesis
o =
#“' : e =, B B

o | o =_ ﬁﬁ % | f Hﬁ 5. s %

i S | == | ] L &

g E2e0 5 T H B % B &

. | ™
" DEFbize e ' J

B E

ouizp de gtz e e e B nlk R HER st o e ik 28 e (2 st NFEL1 HoAGs oz SN pct Lits B Wi ks sk

Figure 5. Boxplot showing expression variance between immune related genes for all the four anticancer therapies in LUAD.
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4. Discussion

4.1. GSEA and Leading Edge Analysis

In this work, we used the public dataset from TCGA for lung
and colon adenocarcinoma patients who were treated with
different anticancer drugs. Due to the lack of sufficient pre-
cancerous samples, this study investigated the efficacy of the
treatment outcomes, which were PD and CR. Since alkylating
agents were the most commonly used drug therapy for non-small
cell lung cancer (NSCLC) [22] compared to other therapeutic
agents, we obtained a high number of study samples for patients
treated with drugs in this therapeutic category. Anti-angiogenesis
therapy is relatively new in contrast to the other three therapies
[23], and consists of around 20 compounds being tested - only a
few of them have been FDA-approved for commercial use, which
explains the relatively small sample size for this therapy class. As
for colon cancer, chemotherapy (alkylating agents and
antimetabolite drugs) is the preferred choice of treatment.

A geneset enrichment analysis on two datasets to evaluate
pathway level differences between the two clinical responses, i.¢.
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PD vs. CR, is presented in this study. In case of LUAD, higher
enrichment for CR samples was seen as opposed to PD in all five
geneset categories. Since the disease under study is cancer, the
result explains the large number of genesets enriched for C6,
which is an oncogenic signature category based on MsigDB as
shown in Table 2. Also this pattern was consistent across the
leading edge analysis, where we selected the genes that
significantly contributed towards the enrichment signal of a
geneset. Overall enrichment for CR was higher than PD for
LUAD as shown in Figure 2.

This pattern was reversed for COAD where PD samples were
more enriched than CR, as presented in Table 2, and reflects upon
the chemoresistant nature of this cancer type. This result was
translated further to explain the higher leading edge genes
enriched for PD as compared to CR as shown in Figure
2. Moreover, oncogenic signatures were highly enriched
compared to other geneset categories. However, unlike LUAD, a
significantly higher enrichment percentage for immunogenic
signatures (C7) was also observed, which suggests a more
immuno-active behavior of COAD. This is supported by the
report from Tougeron et al., [24] which described the immune
response as vital factor in the progression of colon cancer, and
there exists a close association between the prognosis of the
disease and the rate of tumor-infiltrating lymphocytes. These
results are concordant with a number of TABF-FAGO terms
related to immune response function, as shown in Table 3.

4.2 TABF- FAGO term mapping

The results from Table 3 show the number of FAGO terms
obtained from ClueGO analysis and mapped with TABF terms for
both complete remission (CR) and progressive disease (PD). In
this section we will try to comprehend these associations and their
biological interpretations.
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4.2.1  Alkylating agents — Complete Remission

a. Lung adenocarcinoma

The TABF-FAGO term mapping results for alkylating agents
can be comprehended from its mechanism of action. Cytotoxicity
is one of the most highly correlated topics between cancer and
immune system. It is a process involved in cell toxication which
trigger processes like apoptosis, necrosis, and cell lysis.
Alkylating agents, as described earlier, are cytotoxic agents that
target the process of cell division. The host immune system has
its own set of agents that cause cytotoxicity. The main ones are
lymphocytes, cytotoxicity T-cells and natural killer cells. The
recent review from Kulawik [25] explains the role of cytotoxic T-
lymphocytes in antitumor response in lung adenocarcinoma. The
host immune system also plays a crucial role in the antitumor
response with a population of CD8+ and CD4 + lymphocytes [26],
neutrophils [27], NK-T, B and T cells triggering the process of
apoptosis [28]. The process is often amplified with the help of
macrophages and dendritic cells which contributes towards
antigen presentation for a successful cytolytic attack [29].
Therefore, the TABF terms found from the literature, were
categorized as: cell cytotoxicity, macrophage activation, immune
response and myeloid cell activation, regulation of T cell and
lymphocyte activation, and B cell proliferation and activation.
These terms are known to contribute synergistically towards the
efficacy of alkylating therapy and are known to show tumor
remission. This explains FAGO terms related to cytotoxicity in
complete remission and TABF-FAGO term mappings involved
with activation of T-cell, B-cell, macrophage activation, and
immune response as shown in Table 1- appendix.

Targeting some signaling pathways can prevent DNA damage
response and increase the efficacy of chemotherapy. While
signaling pathways are essential for normal stem cells, their
dysregulation can lead to tumorigenesis [30]. They form a
complex interconnected network and can be crucial in regulating
the cell structure, apoptosis and macrophage polarity [31]. This
explains signaling pathway related term mapping, upregulated in
complete remission for alkylating agents. The process of
leukocyte activation and differentiation is connected with
inflammatory response, which is beneficial in normal cells, and
leukocytic adhesion to endothelial tissues marks the beginning of
the inflammation process. But as much as these processes are
important in the normal cell functioning, they can be the reason
of poor survival in cancer and their regulation is crucial for
improved efficacy of chemotherapy specifically alkylating agents
[32]. The negative regulation of tumor promoting leukocytes is
therefore one of the most important processes in improving the
efficacy of this intervention. The role of leukocytes and
lymphocytes is paradoxical and their balance mediates the process
of tumor regression or promotion [33].

Cytokines are secretory proteins that are involved in the
regulation and activation of immune cell. The role of host-derived
cytokines is insightful in understanding the cytokine-tumor cell
interactions in the inhibition of cancer development. According to
the review by Dranoff [34], host-derived cytokines can suppress
tumor formation by controlling infection, inflammation and
immunity. Our results were consistent with cytokine-associated
FAGO terms upregulated in CR for alkylating therapy. The
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review also talks about IL-12 cytokine production by
macrophages and dendritic cells inhibiting chemical
carcinogenesis. We found chemical carcinogenesis pathway
enriched in progressive disease while cytokine-related FAGO
terms were upregulated to the opposite response (CR), which
further validates and justifies our results. The host immune
response can be categorized into two broad categories: innate and
adaptive, where the former is the first line of defense and involves
the activation of macrophages, neutrophils, granulocytes etc.
while the latter activates B and T cell response and production of
immunoglobulins [35]. The activation of adaptive immune
response and immunoglobulin production with the process
involving somatic recombination have shown to sensitize tumors
to alkylating drugs and increasing the drug efficacy [36] which
further explains TABF-FAGO term mapping in CR for LUAD.

b. Colon adenocarcinoma

Bracci et al., [37] discussed in-depth the relevance of host
immune-competency for improved efficacy of chemotherapy.
There are evidences of enhanced T and B lymphocytes in the
spleen of animal model with colon cancer showing synergistic
association with chemotherapy drugs like oxaliplatin,
gemcitabine and 5-FU which explains the upregulation of B and
T lymphocyte activation, proliferation and other terms related to
the activation of immune system in CR for both alkylating agents
and antimetabolite therapy. Mitochondria organization is a key
player in release of cytochrome-c with subsequent activation of
caspase-9 and -3 which reduces cell cycle progression and
carcinogen activation, as well as promoting immunosurvelliance
[38]. Furthermore, non-coding RNA processing is often
associated with improved response to chemotherapy in colon
cancer and are directly involved in DNA methylation, histone
modification and gene silencing. In turn, they are epigenetically
targeted for repression of cancer and improved drug therapy [39].
All these biological processes explain the upregulation of FAGO
terms in Table 2- appendix.

4.2.2 Alkylating Agents — Progressive Disease
a) Lung adenocarcinoma

We obtained 18 FAGO terms that were successfully mapped
with the TABF terms as shown in Table 3-appendix. Holland-Feir
Cancer Medicine (6th ed.) [40] presents a complete review on
alkylating agents and the factors affecting its efficacy. Alkylating
agents induce cell cytotoxicity but its potency is determined by
the host system. One such finding is the host response to
alkylation damage by arresting the cell in the G2 phase of the cell
cycle which in turn activates the DNA repair process, where cells
enter the mitotic phase despite alkylation damage, which leads to
therapy resistance. A human tumor cell line has been shown to
exhibit G2 arrest in response to alkylating damage, resulting in
resistance to nitrogen mustard [41] which clearly explains the
upregulation of FAGO term: regulation of cell cycle G1/S phase
transition in PD for lung cancer. In some cases, transcription
factors involved in DNA transcription initiation are released in
response to genotoxic stress (agents involved in DNA damage),
which stimulate RNA polymerase and promote RNA binding.
This eventually leads to mRNA synthesis and the process is called
gene activation, further stimulating DNA repair mechanisms by
the host system and promoting defense against alkylating agents
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[42]. We found related FAGO terms upregulated in PD as shown
in Table 3- appendix, which strongly correlates with the findings
discussed above.

The relationship between inflammatory response and cancer
progression was first discovered in the 19th century by Rudolf
Virchow and is one of the most widely studied phenomena. There
exists an established connection between leukocyte chemotaxis
and inflammation. The movement of leukocytes from blood to
tissue in response to inflammatory stimuli was observed by
Metchnikoff in 1891. During inflammation, leukocytes migrate to
the site of inflammation to fulfill their role in defense response
[43]. Pathways involved in inflammation and wound healing have
shown to be associated with promoting tumorigenesis, with
increased resistance to anticancer treatments. Interestingly, there
also exists a strong link between complement activation and
inflammation. Generally, the complement cascade system is
activated to defend a host against microbes during an
inflammatory response. The activation of complement and its role
in tumor progression is evident in studies conducted for different
cancer types, including lung adenocarcinoma [44], breast [45] and
thyroid cancer [46]. Consequently, we observed similar processes
from ClueGO results where genes involved in inflammation,
complement activation and defense response were activated in PD
alongside genes responsible for positive regulation of leukocyte
chemotaxis.

b) Colon adenocarcinoma

Colon cancer is strongly linked with inflammatory
microenvironment composed of intestinal epithelial cells,
immune cells, etc. which determine the fate of the intervention.
Moreover, cytokines acts as a mediator between the host immune
response and malignant cells that activate oncogenic transcription
factor STAT3 which is a major activator in cancer inflammation
and promotes cell cycle progression [47]. Holohan et al.,
explains the role of JAK-STAT signaling pathway in cell
proliferation, tumor progression, and chemo-resistance [48]. We
found the upregulation of several interleukin factors, e.g. IL-1, 2,
4, 6, and 10, in progressive disease for colon cancer. IL-6 is a
major player in inflammatory response in COAD that interacts
with the membrane-associated gp130 subunit and activates Janus
kinases (JAKs) with downstream effects on STAT3 [49], which
explains their role in tumor progression as shown in Table 4-
appendix.

IL-6 can increase resistance to various chemotherapeutic
drugs [50, 51] by preventing apoptosis and downstream signaling
of MAPK cascade [52]. Moreover, the release angiogenesis
growth factors greatly influence the drug response in solid tumors
and evidence suggests their involvement in cancer cell survival in
the presence of chemo drugs [53]. Furthermore, IL-1b is a pro-
inflammatory cytokine which can modulate the response of
different drug transports [54]. Tumor necrosis factor is a major
inflammatory cytokine and is well known for its role in tumor
progression and drug resistance. Therefore, the upregulation of
this term in the PD category for alkylating agents is well explained
[55]. Mccubre et al., discusses the effect of the ERK-signaling
cascade in promoting tumorigenesis and resistance to doxorubicin
treatment [56]. All these points support our results from TABF-
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FAGO term mapping for PD in alkylating agents in Table 4-
appendix [57].

4.2.3 Antimetabolite — Complete Remission
a) Lung adenocarcinoma

Antimetabolites are another class of chemotherapeutic drug
that inhibit the action of metabolites and interfere with DNA and
RNA growth [58]. They replace the normal compounds in the cell,
resulting in disrupted cell division and specifically targeting the
synthetic phase of cell cycle [59]. Since antimetabolites disrupt
cell division and DNA damage, the TABF and FAGO terms
upregulated for complete remission were very similar to
alkylating agents. We found FAGO terms related to cell
cytotoxicity upregulated in CR, and the majority of the FAGO
terms were similar to alkylating agents.

Naive CD4+ T cells can be categorized into four main lineage:
T helper cells -1, 2, 17 and Treg cells [60]. Th2 promotes tumor
growth and Th1 produce cytokines like interferon gamma, which
causes cytotoxic T lymphocytes (CTL) proliferation, resulting in
tumor elimination and potentiating the action of chemotherapy
[61].The host immune milieu is rich in cytokine and chemokines
which can produce immune-stimulatory effects. For instance,
type-1 IFNs can enhance the stimulation of dendritic cells which
activate Thl and inhibits Treg activity [62]. Therefore, we saw
FAGO terms associated with Th cell activation and cytokines in
Table 5-appendix.

Signaling pathways are popular targets and critical to the
success of an anticancer therapy [63]. For instance, activated
PI3K/Akt/mTOR pathways can regulate cell proliferation,
growth, and survival, and are important targets for the
development of potential antitumor agents [64]. According to
Wang et al [65], the activation of signal transduction pathways
enhances the cellular response to drug treatment. Hence, we found
various signaling pathways terms associated with CR.

The link between skeletal system development and the
immune system has been recognized recently with an
interdisciplinary field studying and embracing the relationship
under the name of “osteoimmunology”. Studies have also shown
that osteoimmunology can be a potential target for anticancer
interventions as several systems that are related to host immune
response are actually related to skeletal function. Such
information has been useful to understand the improved efficacy
of anticancer drugs, especially antimetabolites [66]. Receptor
activator of NF-kB (RANK)/RANK Ligand
(RANKL)/Osteoprotegerin (OPG) system is involved in the
regulation of osteoclastogenesis, which influences immune,
cardiovascular, endocrine, and nervous systems. They stimulate
the antigen-specific immune response and are involved in
dendritic cell maturation and survival [67, 68]. Hence, this clearly
explains the upregulation of TABF-FAGO association in Table 5-
appendix.

b) Colon Adenocarcinoma

We observed the upregulation of terms related to T cell
lymphocyte activation, proliferation and positive regulation of
immune response, a consistent pattern for CR category in all
chemotherapies for both lung and colon cancer. Additionally, we
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found histone modification terms enriched in CR. Histone
modifications are crucial to gene regulation processes by
compacting DNA. Histones are often involved in maintaining the
balance between euchromatin and heterochromatin by undergoing
post-translational modification at the amino terminal ends. These
modifications, e.g. methylation, acetylation, ubiquitination, etc.
[69] are correlated with the efficacy of chemo drugs in numerous
types of cancer (prostate, breast, colorectal, lung) and
hematological malignancies. All these TABF terms with their
mapped FAGO terms are presented in Table 6-appendix.

4.2.4  Antimetabolites — Progressive Disease

a) Lung adenocarcinoma

Almost 90% of genomic DNA is transcribed into RNA, but
only 2% of this RNA is protein-coding; the remaining “dark
matter” genomic content is transcribed into non-coding RNA
(ncRNA) and has been implicated with biological significance
particularly in cancer. According to Liu et al. [70], ncRNAs play
a crucial role in tumor progression and resistance to
chemotherapy. Expression of metastasis-associated lung
adenocarcinoma transcript | (MALAT1), a long non-coding RNA
(IncRNA) is associated with resistance to chemotherapy and poor
prognosis in patients in non-small cell lung cancer [71]. Another
interesting study was conducted by Mader and colleagues [72]
that showed increased expression of thymidylate synthase (TS)
resulted in resistance to antimetabolite drug —5 fluorouracil (5-
FU), to incorporate with RNA. Our results for progressive disease
were in consensus with the discussion as shown in Table 7 -
appendix.

b) Colon adenocarcinoma

The upregulated terms in the PD category for antimetabolite
therapies were similar to alkylating agents - IL I production, tumor
necrosis factor production, inflammation, and ERK cascade. This
is explained by their both being chemotherapy drugs with similar
modes of action. Slow growth of tumors or GO-G1 cell cycle
promotes resistance against antimetabolite drugs, which explains
the connection between the upregulation of G1/s , G2/M phase
transition and the progression of disease in Table 8 -appendix.
Furthermore, literature based study shows TNF-alpha increase
post-drug recovery and tumor survival in colon cancer from 5-FU
(antimetabolite drug) by obstructing S phase entry [73].

4.2.5  Mitotic Inhibitors — Complete remission

Mitotic inhibitors are derived from natural plant alkaloids.
They disrupt microtubules involved in mitotic cell division
process [74]. Even though the mechanism of action for this
therapy is very similar to alkylating agents, it was interesting to
see that the immune response varied with some unique FAGO —
TABF term mapping. The terms that were similar to alkylating
agents were: T cell and lymphocyte activation, B cell activation,
positive regulation of immune response and cell signaling. The
terms similar to antimetabolite therapies were related to system
development and KEGG signaling pathways. Interestingly, we
found some striking differences. Firstly, innate immune response
was more active as compared to adaptive when compared to
alkylating agents and antimetabolites. Secondly, we found
significant upregulation of FAGO terms related to cyclic
adenosine monophosphate (cAMP) processes, which is attributed
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to the fact that cAMP plays a fundamental role in cellular
response. Regulation of cAMP pathways is associated with ion
metabolism and apoptosis [75]. They are also known to
intermingle with other signaling pathways like calcium [76],
JAK/STAT inhibitors [77], and RAK-mediated MAPK kinases to
modulate cell processes [78]. The upregulation of cAMP-related
pathways is favorable for the action of antimitotic drugs [79]
which justifies the upregulated FAGO terms in CR as shown in
Table 9 -appendix.

Another paradoxical phenomenon that was observed in
antimitotic agents was the upregulation of an inflammatory
response in CR unlike the other therapies. Even though
inflammatory response is often associated with tumor regression,
in some cases it can enhance the action of antimitotic agents. Host
macrophages secreting inflammatory cytokines have been shown
to induce the expression of inducible nitric oxide synthase
(INOS). This potentiated the effect of paclitaxel to regress cancer
in solid tumors and promoted apoptosis [80]. Since inflammatory
response is a critical stage in the wound healing process [81], we
could see that wound healing was upregulated alongside
inflammatory response in CR as shown in Table 9 —appendix.

Another contradictory observation was upregulation of
interleukin-10 (IL-10) which is an anti-inflammatory cytokine
that downregulates cytokine production. The effect of host IL-10
in tumor progression or regression has been debated over a long
time. While studies have shown that regulatory T cells (Treg)
produce IL-10 which downregulates immune response [82], this
is inconsistent with Mumm et al's [83] claim that IL-10 reduces
tumor development by inducing cytolytic molecules in CD8+ T
cells and IFN- gamma dependent mechanisms. The review by
Teng et al. [84] talks about the significance of stable IL-10, which
can be beneficial in the regressing tumor. So far, there has not
been any strong evidence showing a positive correlation between
host IL-10 expression and survival of cancer patients. Our results
in Table 9 -appendix highlights the above discussion.

4.2.6  Mitotic Inhibitors — Progressive Disease

The key highlight in the PD category was the upregulation of
terms: antigen presentation and transporter-associated with
antigen processing (TAP), which are known for their multidrug
resistance in cancer. The experiment conducted on a human
cancer cell line by Izquierdol and colleagues [85] present a strong
correlation between TAP expression and resistance (~ 2 fold) to
the antimitotic drugs doxorubicin and vincristine. Mitotic
checkpoints and response to DNA damage have shown resistance
against these drugs, as they sense microtubule attachment to
kinetochore. According to Wang et al. [65], the activation or
dysregulation of these mitotic checkpoints and DNA damage
response leads to continued cell division and increased resistance
to taxol (antimitotic drug). Table 10 -appendix shows the FAGO
terms upregulated in PD for mitotic inhibitors.

4.2.7  Anti-Angiogenesis

Angiogenesis is the formation of new blood vessels and is
known to play an essential role in tumor growth, as blood vessels
supply oxygen and nutrients for the cancerous cell’s nourishment.
Angiogenesis inhibitors bind to the vascular endothelial growth
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factor (VEGF) and prevent them from binding to the receptor in
order to facilitate the process of vasculogenesis [86].

a) Complete Remission

The mechanism of action for this therapy is different from the
other three types of chemotherapies discussed previously. There
is a strong link between host immune response and anti-
angiogenesis therapy. T-cell activation and VEGF share an
antagonistic relationship where the latter inhibits the production
of T cells by interfering with thymus development [87].
Therefore, T-cell activation has a positive effect on anti-
angiogenesis therapy. To back up this hypothesis, we have the
case study of semaphorins, axon guidance molecules belonging to
the class of transmembrane proteins which are known to play a
role in immune response and organ morphogenesis. Class IV
semophorin (Sem4A), expressed on dendritic and B-cells,
enhance T-cell activation and differentiation [88]. Toyofoku and
colleagues demonstrated in their experiments that mice lacking
Sem4A exhibit enhanced angiogenesis in response to VEGF or
inflammatory stimuli [89]. Therefore, deeming Sem4A as an
inhibitor of VEGF and angiogenesis. Our results are concurrent
with the above discussion and presented in Table 11- appendix.

Hypoxia is a process of oxygen depletion in cells which induce
pro-angiogenic factors along with inflammatory response.
According the study conducted by Brustugun [90], hypoxia
caused treatment failure in lung carcinoma. Resistance to
gefitinib, extensively used in EGFR-mutated lung cancer, is also
induced by hypoxia via upregulation of growth factor. Blocking
chronic inflammation can prevent pro-tumor polarization and
contribute to anti-angiogenesis effect. Therefore, we see the
process of negative regulation of hypoxia upregulated in CR.
Even though the wound healing process is connected with an
inflammatory response, in the case of anti-angiogenesis therapy
response wounding is seen to contribute to increased efficacy.
Activated host healing response is a crucial process after the
extensive surgery of solid tumors. Interleukin-6 (IL-6) can act as
an inflammatory cytokine and also as an anti-inflammatory
cytokine [91]. There are other cytokines (IL-20) that possess anti-
angiogenesis properties [92] and their regulation enhances the
efficacy of the therapy as reflected in Table 11- appendix.

b) Progressive Disease

We observed several immune-related terms upregulated in
progressive disease for anti-angiogenesis therapy. We discussed
the role of VEGF and other growth factors in promoting
angiogenesis, which results in tumor progression. The results in
Table 12 from appendix section show the upregulation of all these
pathways which induce therapy resistance. MHC and antigen
presentation are associated with a multidrug resistance class of
proteins especially in lung cancer; the overexpression of the
transporter protein is known to induce high resistance to therapy
[93]. But further investigation is needed to understand their
involvement with cancer progression and resistance. The review
conducted by Zaidi and Merlino [94] talks about the paradoxical
role of interferon gamma in producing immune response against
tumors while also producing tumorigenic effects under certain
conditions. Hence, response to interferon gamma has a role in
reducing drug efficacy and promoting tumor progression. Innate
immunity can release angiogenic factors and promote tumor
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angiogenesis. Therefore, the release of inflammatory cytokines by
the host innate immune system can further diminish the response
to drug therapy [95]. The activated DNA repair mechanism has
shown resistance to cetuximab/Erbitux (an anti-angiogenesis
drug) used to treat EGFR-expressing tumors [96]. Table 12 in
appendix shows upregulated FAGO terms mapped with all the
biological functions discussed above.

4.3 Survival analysis and Biomarkers

The prognostic ability of genes specific to each therapy were
tested using survival analysis. We found several genes with
significant overall survival for both LUAD and COAD as shown
in Table 4, which further validates the role of host immune
response and therapy outcome. As for the common genes across
different therapies, there was no complete overlap of genes for
LUAD in PD; this result is obvious, as all four therapies have
different modes of action. But, interestingly, there was an overlap
of 120 genes for CR, shown in Figure 3, with one gene (IL4R-
interleukin 4 receptor) that showed significant expression
variance and survival for lung adenocarcinoma. The role of [L4R
has been paradoxical in cancer immunology and has often been
debated. In our results, IL4 was seen to be involved with complete
remission when treated with any of the three therapies: mitotic
inhibitors, anti-angiogenesis and antimetabolite. This was
validated further with the experimental evidence of overexpressed
IL4R contributing towards remission in lung cancer patients [97].

However, in colon cancer, the two treatments under study
have similar cell cycle targets. Hence, we found more overlapping
genes between alkylating agents and antimetabolites as shown in
Figure 3. While we found only 4 genes (FAM3C, CRLF3, CETP,
VAV3) that showed significant survival and expression variance
as shown in Figure 6, the first three showed higher expression for
disease progression, while VAV3 was seen as CR upregulated.
We also found literature evidence of VAV3 as one of the
molecular signatures for colon cancer [98]. IL-17 is often
associated with tumor promotion and acts as a pro-angiogenesis
factor, while in some cases it has also been regarded as tumor
suppressing, as shown by experimental studies from Kryczek et
al. [99]. Therefore, its role has remained undefined. However, in
our results, we found IL-17 to contribute towards complete
remission in antimetabolite therapy for colon cancer.

5. Conclusion

The era of translational medicine has opened new horizons for
personalized therapeutic interventions and spurred the
development of novel prognostic therapy-based biomarkers for
each patient’s individual immune profile. It is now evident that
the tumor—host immune interaction dictates the magnitude,
quality and efficacy of most anticancer strategies. Despite this, in
our knowledge, no systematic analysis has been performed to
study expression and pathway-based differences of multiple
anticancer therapies depending on patient’s immunocompetence.

In this study, we used expression based analysis to come up
with biomarkers with prognostic validity for different anticancer
therapies in two cancer datasets, LUAD and COAD. We found
many gene biomarkers, unique to a cancer type or therapy, which
were either associated with the progression or remission of the
intervention. Additionally, we also found a number of
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overlapping genes across different therapies, of which some had
a controversial status towards cancer promotion or regression.
Our results predicted the outcome of therapy resistance alongside
its improved efficacy to some extent. The scope of this study
went further to understand some of the pathways and their mode
of mechanism in-depth for different therapies in both cancer
types. However, one major limitation of this study is the absence
of experimental validation for these biomarkers even though the
majority of the indicated genes in our results have corresponding
correlations within the literature. Therefore, such information
would be highly valuable for translational medicine and in making
an accurate intervention choice.

This work is an extension of our previous conference paper
published at BIBM IEEE 2016 [100].
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Appendix I

Table 1. TABF-FAGO terms upregulated in CR for alkylating agents (LUAD)

TABF Terms

CR for Alkyl
positive regulation of leukocyte mediated cytotoxicity, regulation of leukocyte mediated cytotoxicity, natural killer cell
mediated cytotoxicity, leukocyte activation involved in immune response, positive regulation of leukocyte activation,
leukocyte differentiation, regulation of leukocyte differentiation, positive regulation of leukocyte mediated immunity,
regulation of leukocyte mediated immunity, leukocyte proliferation, positive regulation of leukocyte differentiation,
myeloid leukocyte differentiation, granulocyte migration, neutrophil i

FAGO terms upregulate g Agents

Cell cytotoxicity

BT TY IV macrophage differentiation

positive regulation of immune response, myeloid dendritic cell activation, activation of immune response, myeloid cell
Immune Response and [ ° v ! !
POABRIBVRASMINNY i vation involved in immune response, mast cell activation, positive regulation of immune effector process, regulation
V! of production of molecular mediator of immune response

positive regulation of lymphocyte differentiation, positive regulation of T cell differentiation, positive regulation of
alpha-beta T cell activation, lymphocyte activation involved in immune response, alpha-beta T cell differentiation, CD4-
positive, alpha-beta T cell differentiation involved in immune response, regulation of alpha-beta T cell differentiation,
[PPSR RANIBYEY o ctivated T cell proliferation, thymic T cell selection, regulation of T cell differentiation, regulation of lymphocyte

BT IITA NN o ctivation, positive regulation of lymphocyte activation, T cell activation, lymphocyte differentiation, T cell
differentiation, regulation of lymphocyte differentiation, regulation of T cell proliferation, positive regulation of T cell
proliferation, Tcell proliferation, regulation of alpha-beta T cell activation, T cell costimulation, positive regulation of
lymphocyte mediated immunity, regulation of lymphocyte mediated immunity, lymphocyte mediated immunity

B cell Proliferation and

era regulation of B cell activation, B cell mediated immunity, B cell activation, B cell proliferation
Activation

Fc-epsilon receptor signaling pathway, Fc receptor signaling pathway, immune response-regulating cell surface receptor
signaling pathway, immune response-regulating signaling pathway, immune response-activating signal transduction,
antigen receptor-mediated signaling pathway, immune response-activating cell surface receptor signaling pathway, cell-
cell signaling, cell surface receptor signaling pathway, cell-activation, cell migration, cell chemotaxis, Chemokine
signaling pathwa

signaling pathways

Negative regulation of

negative regulation of leukocyte activation, negative regulation of lymphocyte activation, negative regulation of
leukocyte and

leukocyte differentiation

Cytokine act cytokine activity, cytokine receptor activity, cytokine receptor binding, Cytokine-cytokine receptor interaction, cellular
response to cytokine stimulus, regulation of cytokine production
response based on somatic recombination of immune receptors built from immunoglobulin superfamily domains,
adaptive immune response based on somatic recombination of immune receptors built from immunoglobulin

Adaptive Immune
Response and
Immunoglobulin
Production

superfamily domains positive regulation of adaptive immune response based on somatic recombination of immune
receptors built from immunoglobulin superfamily domains, regulation of immunoglobulin mediated immune response

Table 2. TABF-FAGO terms upregulated in CR for alkylating agents (COAD)

TABF Terms FA( erms Upregulated in CR for Alkylating Agent

ncRNA metabolic process, RNA processing, RNA splicing, mRNA processing, gene
RNA processing silencing by RNA

mitochondrial transport, mitochondrial transmembrane transport, mitochondrial
electron transport, NADH to ubiquinone, mitochondrial respiratory chain complex |
assembly, mitochondrial ATP synthesis coupled proton transport

mitochondrion
organization

myeloid cell activation involved in immune response, adaptive immune response based
on somatic recombination of immune receptors built from immunoglobulin superfamily
domains, negative regulation of production of molecular mediator of immune response

activation of immune
response

Tcell differentiation,
proliferation,
activation,
lymphocyte
aggregation

regulation of lymphocyte mediated immunity, lymphocyte costimulation, T cell mediated
immunity, regulation of T cell proliferation, positive regulation of alpha-beta T cell
activation, regulation of CD4-positive, alpha-beta T cell activation

regulation of B cell proliferation, positive regulation of B cell proliferation, B cell

eostasis proliferation
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Table 3. TABF-FAGO terms upregulated in PD for alkylating agents (LUAD)

TABF Terms FAGO Terms upregulated in PD for Alkylating agents
YIRS L OB T resulation of cell cycle G1/S phase transition

DNA-templated transcription, initiation intrinsic apoptotic
signaling pathway in response to DNA damage, response to
cycloheximide, transcription elongation from RNA polymerase |
promoter

positive regulation of leukocyte chemotaxis

Response to DNA damage

Leukocyte chemotaxis

defense response, antibacterial humoral response, wound healing

Inflammation inflammatory response

[ TN T (Ol Complement activation, alternative pathway

[T ENNEIRLREIS=Il viral carcinogenesis, cancer carcinogenesis

ci=oICNIIpE el INGN Glutathione metabolism

Table 4. TABF-FAGO terms upregulated in PD for alkylating agents (COAD)

negative regulation of production of molecular mediator of immune
response, negative regulation of adaptive immune response, negative
regulation of immune effector process

[QICTVTESS S i rter| eukin-1 beta production, interleukin-1, 2,4 ,6 10 production

angiogenesis positive regulation of regulation of blood vessel
B development

MAPK cascade regulation of MAPK cascade, positive regulation of MAPK cascade
SISIERIE LTSRN ositive regulation of ERK1 and ERK2 cascade,

positive regulation of cell differentiation, positive regulation of
mononuclear cell proliferation, cell differentiation, regulation of cell
proliferation

regulation of cytokine biosynthetic process, cytokine-mediated signaling
pathway, cellular response to cytokine stimulus, negative regulation of
cytokine secretion

Infl tor cute inflammatory response, chronic inflammatory response
T Ll response to wounding, negative regulation of response to wounding,
healin, regulation of wound healing
) regulation of interferon-gamma production, positive regulation of interferon-|
interferon-gamma production
gamma production

chemokine production, positive regulation of tumor necrosis factor
production, regulation of tumor necrosis factor superfamily cytokine
production

negative regulation of
immune response

cell proliferation/
differentiation

cytokine production

positive regulation of tumor
necrosis factor production

Table 5. TABF-FAGO terms upregulated in CR for antimetabolites (LUAD)

TABF Terms FAGO terms Upregulated in CR for Antimetabolite

leukocyte differentiation, negative regulation of leukocyte migration, leukocyte activation involved

in immune response, monocyte chemotaxis, myeloid leukocyte differentiation, positive regulation
of leukocyte migration, regulation of leukocyte chemotaxis, positive regulation of leukocyte

chemotaxis, positive regulation of leukocyte activation, regulation of production of molecular

[eCIRLEERE RO ENIRLEI cytokine receptor activity, cytokine activity, cytokine receptor binding, chemokine receptor activity,
Regulation Cytokine-cytokine receptor interaction, Chemokine signaling pathway

Adaptive Immune Response

Cell Cytotoxicity

T cell activation involved in immune response, T cell differentiation involved in immune response,
alpha-beta T cell differentiation involved in immune response, regulation of lymphocyte mediated
i regulation of T-helper 1 type immune response, stem cell differentiation

Cell signalin cell surface receptor signaling pathway, G-protein coupled receptor signaling pathway, cell-cell
8 & signaling, Phospholipase D signaling pathway, PI3K-Akt signaling pathway, immune response-
Teianali m rum sienali g - —
KEGG Signaling pathway Rap1 signaling pathway, Calcium swgna |n.g pathway, G-protein c?uple‘d receptor signaling
pathway, Phospholipase D signaling pathway, PI3K-Akt signaling pathway
System developmen

Table 6. TABF-FAGO terms upregulated in CR for antimetabolite (COAD)

Regulation of Tcell and
Lymphocyte Activation

cardiovascular system development, skeletal system development

TABF Terms FAGO terms Upregulated in CR for Antimetabolite

nervous system development, anatomical structure morphogenesis,
RN R LTI embryonic morphogenesis, embryonic limb morphogenesis, regulation
of growth, organ growth, aorta development

histone lysine methylation, histone H3-K9 modification, histone H3-K9
methylation, histone H3-K36 demethylation

leukocyte cell-cell adhesion, leukocyte aggregation, lymphocyte
aggregation, positive regulation of leukocyte proliferation, T cell
proliferation, lymphocyte activation involved in immune response,
leukocyte activation involved in immune response, positive regulation of
leukocyte migration, positive regulation of lymphocyte proliferation

T cell proliferation
activation, leukocyte
differentiation,
lymphocyte
differentiation

myeloid cell activation involved in immune response, regulation of
production of molecular mediator of immune response, positive
regulation of production of molecular mediator of immune response,
positive regulation of innate immune response, positive regulation of

positive regulation
of immune response

immune effector process
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Table 7. TABF-FAGO terms upregulated in PD for antimetabolites (LUAD)

TABF Terms FAGO terms Upregulated in PD for Antimetabolite

RNA Processing RNA processing, RNA 3'-end processing
ncRNA processing ncRNA metabolic process

Table 8. TABF-FAGO terms upregulated in PD for antimetabolite (COAD)

TABF Terms FAGO terms Upregulated in PD for metabolite

positive regulation of JAK-STAT cascade, tyrosine
phosphorylation of STAT protein, regulation of tyrosine
phosphorylation of STAT protein
cell cycle G1/S phase transition, cell cycle phase transition,
mitotic cell cycle phase transition
interleukin-1 beta production, regulation of interleukin-1
secretion, positive regulation of interleukin-1 production
inflammatory response, acute inflammatory response,
production of molecular mediator involved in inflammatory
response, regulation of inflammatory response

JAKSTAT cascade

interleukin-1 production

Inflammtion

ERK cascade regulation of ERK1 and ERK2 cascade

IFN production response to interferon-gamma, interferon-gamma production

regulation of cytokine production, response to cytokine,
cytokine secretion, cellular response to cytokine stimulus,
cytokine-mediated signaling pathway

cytokine production

cellular response to

Tumor necrosis factor superfamily cytokine production
tumor necrosis factor

Table 9. TABF-FAGO terms upregulated in CR for mitotic inhibitor (LUAD)

TABF Terms FAGO terms Upregulated in CR for Mitotic Inhibitor

signaling receptor activity, MAPK signaling pathway, Calcium signaling pathway, NF-kappa B
signaling pathway, Phosphatidylinositol signaling system, Jak-STAT signaling pathway, cell
surface receptor signaling pathway, G-protein coupled receptor signaling pathway

KEGG signaling pathway

B cell activation B cell proliferation, B cell activation,B cell differentiation

positive regulation of immune response, activation of immune response, regulation of innate
Innate immune response X
immune response

T cell activation,T cell differentiation, alpha-beta T cell activation, alpha-beta T cell
differentiation,CD4-positive, alpha-beta T cell differentiation,T cell selection, activated T cell
proliferation,T cell differentiation in thymus, regulation of T cell activation, positive regulation of
Tcell activation, regulation of T cell differentiation, positive regulation of T cell differentiation,
regulation of alpha-beta T cell activation, lymphocyte proliferation, lymphocyte activation
involved in immune response, regulation of alpha-beta T cell differentiation, positive regulation of|
alpha-beta T cell activation, response to interferon-gamma, positive regulation of immune effector
process, T cell proliferation, regulation of T cell proliferation, positive regulation of T cell
proliferation, lymphocyte costimulation, T cell activation involved in immune response

regulation of T cell and
lymphocyte activation

cyclic nucleotide metabolic process, cyclic purine nucleotide metabolic process, cAMP metabolic
Regulation of cAMP process, cCAMP biosynthetic process, regulation of cAMP biosy process, positive regulation
of cyclic nucleotide metabolic process, positive regulation of cAMP metabolic process

Inflammatory response Inflammatory response

response to cytokine, Cytokine-cytokine receptor interaction, regulation of cytokine production,
macrophage cytokine production, positive regulation of macrophage cytokine production,
macrophage cytokine production, positive regulation of macrophage cytokine production

Cytokine Production

Table 10. TABF-FAGO terms upregulated in PD for mitotic inhibitors (LUAD)

TABF Terms
Negative
regulation of
cell death
Mitotic
Checkpointand
DNA damage
response

FAGO terms Upregulated in PD for Mitotic Inhibitor
negative regulation of cell death, negative regulation of
apoptotic process, negative regulation of programmed

cell death

DNA damage checkpoint, mitotic DNA damage checkpoint,
negative regulation of cell cycle G1/S phase transition,
mitotic G1 DNA damage checkpoint

Table 11. TABF-FAGO terms upregulated in CR for Anti-angiogenesis (LUAD)

TABF Ter FAGO terms Upregulated in CR for An:
Negative regulation of inflammatory regulation of inflammatory response, negative regulation of inflammatory
response response

macrophage activation macrophage differentiation

regulation of vasculature development, regulation of angiogenesis, negative
r

myeloid cell differentiation , myeloid leukocyte differentiation, regulation of
myeloid cell activation N . o
myeloid cell differentiation

T cell activation, regulation of T cell activation, T cell differentiation, lymphocyte
differentiation, regulation of lymphocyte activation, regulation of lymphocyte
activation, lymphocyte proliferation

Apopto: cell death, apoptotic process
Cell signalin cell Sl{rface receptor signva\ing pathway, cell-cell signaling, cell-substrate
adhesion, cell-cell adhesion

skeletal system development, cardiovascular system development, heart
development, embryo development, organ mol

B cell proliferation and activation B cell activation, B cell differentiation
) ) ) interleukin-6 production, tumor necrosis factor production, regulation of
Regulation of interleukin 6 ! ! !
interleukin-6 production
: " cytokine activity, cytokine receptor binding, cytokine metabolic process, Cytokine
Regulation of cytokines Y . v vy . P 8, CY! P 4
cytokine receptor interaction

myeloid leukocyte differentiation, regulation of myeloid cell differentiation,

regulation of myeloid leukocyte differentiation, negative regulation of leukocyte
differentiation, regulation of leukocyte chemotaxis

Negative regulation of angiogenesis

regulation of T cell and lymphocyte
activation

Organ morphoge

is, negative regulation of hypoxia

Regulation of leukocyte

wWww.astesj.com

Table 12. TABF-FAGO terms upregulated in PD for anti-angiogenesis (LUAD)

TABF Terms

FAGO terms Upregulated in PD for Anti-angiogenesis

Angiogenesis Angiogenesis, anatomical structure morphogenesis

Growth Signaling epidermal growth factor receptor signaling pathway, vascular endothelial growth factor receptor
Pathway signaling pathway
negative regulation of cell death, negative regulation of programmed cell death, cell division, cellular
eI ELT LR Al M2 cromolecular complex assembly, chromosome organization, cellular macromolecule catabolic
apoptosis process, cell cycle, cell cycle process, ch gregation, cellular devel | process, cell
migration, regulation of cellular process
antigen processing and presentation of endogenous peptide antigen, antigen processing and
presentation of exogenous peptide antigen via MHC class |, TAP-independent, antigen processing and
Antigen Processing & presentation of exogenous peptide antigen, antigen processing and presentation of exogenous peptide|
antigen via MHC class I1, antigen processing and presentation of peptide antigen via MHC class I,
antigen processing and presentation of exogenous peptide antigen via MHC class |, antigen
processing and presentation of endogenous peptide antigen

Presentation

activation of immune response, immune response-regulating signaling pathway, regulation of innate
immune response, positive regulation of innate immune response, activation of innate immune
response, organ or tissue specific immune response

Regulation of innate
immune response

DNA repair DNA ligation, DNA metabolic process, DNA repair, translation

response to radiation, cellular response to stress, defense response to Gram-positive bacterium,

EEESELSSEIN s ponse to other organism

KEGG pathways in cancer Pathways in cancer
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