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Abstract

The continuing success of the field of cancer research in
elucidating the mechanisms that regulate solid tumor
development, growth, and progression has provided an
extraordinary opportunity to leverage this information to
develop novel traditional and precision medicines for a
variety of human cancers. Within this context, the discov-
ery and validation of sensitive, accurate, and readily
translatable cancer biomarkers have never been more
essential. The expanding utility of such biomarkers
includes, but is not limited to, risk assessment, early
detection, determination of cancer status and stage, moni-
toring therapeutic efficacy, development of resistance and
patient stratification and selection among other uses. Until
relatively recently, it has been the tumor epithelial com-
partment that has been the focus and the source of the
majority of cancer biomarkers despite the critical role of
the tumor microenvironment (TME) in influencing cancer
outcome. Here, we intentionally focus on the TME as a
source of biomarkers for a wide variety of human cancers.
We comprehensively review the key biological compo-
nents of the TME and their importance in human cancers,
we present and extensively discuss the validated TME-
derived biomarkers to date including their applications
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and sample sources and we provide up-to-date informa-
tion with respect to their current clinical status.

Take-Home Lessons

* Biomarkers are measurable in body fluids and tis-
sues and serve as indicators of health and disease
status.

e Common cancer biomarkers include proteins,
nucleic acids, metabolites, lipids, extracellular ves-
icles/exosomes, microRNAs, immune cells and
others.

e Biomarkers from solid tumors and the surrounding
tumor microenvironment (TME) can serve as diag-
nostic, prognostic, and predictive tools for cancer.

e The complex TME affects tumor biology, develop-
ment, progression, therapeutic response and resis-
tance and may be a useful target for both cancer
diagnostics and therapy.

* Clinical applications of markers from the tumor and
its TME extend across early detection, risk assess-
ment, patient stratification, recurrence prediction
and therapeutic efficacy.

Introduction

The field of biomarker medicine has been foundational to the
development of successful cancer therapeutics, diagnostics,
and prognostics. Multiple approaches to biomarker discov-
ery and validation continue to be utilized and have been
extensively reviewed by our group and others [1-5]. As
noted above, there are several unmet biomarker needs with
respect to cancer detection and subsequent treatment includ-
ing early and accurate disease detection, risk assessment,
reliable monitoring of therapeutic efficacy and resistance
and the ability to determine which patient populations will
most benefit from a particular therapy, among other uses.
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The important contribution of the TME to the develop-
ment of cancer diagnostics and prognostics has been, to date,
overshadowed by that of biomarkers derived from the tumor
epithelium despite the fact that it is now well recognized that
the complex microenvironment of solid tumors plays a cru-
cial role in cancer development and progression. The TME is
a dynamic and complex system composed of a variety of
components that are produced and/or are recruited by the can-

cer cells during tumor progression. These components include
the tumor vasculature, immune cells, fibroblasts, adipocytes,
extracellular matrix (ECM) components, and a variety of
secreted factors (Fig.22.1). The TME affects solid tumor biol-
ogy, development and progression, as well as therapeutic
response and resistance. For these reasons, an appreciation of
the TME is essential to our understanding of tumor develop-
ment and progression as well to the identification of novel
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Fig.22.1 The TME is a dynamic system containing a variety of com-
ponents that are recruited and/or produced by the cancer cells during
tumor establishment and maintenance including blood vessels (tumor
vasculature; TAV), immune cells (Immune Infiltration), fibroblasts
(CAF), adipocytes, extracellular matrix (ECM) components and regula-

tors and a variety of secreted factors. The complex TME of solid tumors
plays a crucial role in cancer development, progression and in modulat-
ing therapeutic responses and resistance mechanisms. Created with
Biorender.com
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and effective methods of cancer diagnosis and therapy. In
addition, the targeting of the TME, its cellular components as
well as TME-associated biomarkers represents potential ther-
apeutic benefits for cancer patients as well.

The clinical necessity of accurate and easily translatable
cancer biomarkers of all types is indisputable and the grow-
ing number of potential biomarker candidates associated
with the TME, complemented by those derived from the
tumor epithelium, hold the promise for early cancer detec-
tion, more instructive accurate monitoring of therapeutic
efficacy and resistance and a number of other required ele-
ments of successful cancer diagnostics and prognostics. In
this Chapter, we have provided a comprehensive overview of
the predominant biological components of the TME with
respect to their importance in human cancers and we present
and extensively discuss current, validated TME-derived bio-
markers across a large number of cancer types along with
their sample sources, their potential clinical applications and
the current status of those that have reached the stage of FDA
clinical trial validation.

Fibroblasts

Cancer-associated fibroblasts (CAF) are key components of
the TME and have diverse functions that include ECM depo-
sition and remodeling, signaling, cell-cell interactions and
immune modulation. CAFs can be phenotypically and func-
tionally diverse with distinct subtypes that may have both
pro- or anti-tumorigenic functions [6]. Soluble secreted fac-
tors from CAFs can influence tumor progression. For exam-
ple, vascular endothelial growth factor (VEGF) expression
by stromal cells has been shown to drive tumor angiogenesis
[7]. Cytokines and chemokines produced by CAFs can also
affect a range of immune cells such as leukocytes, T cells
and macrophages and may exert both immunosuppressive or
immunopromoting effects [8]. CAFs, therefore, may serve as
both a source of biomarkers for cancer detection and progno-
sis as well as represent potential targets for therapeutic anti-
cancer strategies.

Endothelium

The endothelium plays an important role in tumor initiation,
progression, and metastasis. In normal tissues, an organized
and efficient vascular endothelium regulates blood flow and
the bidirectional movement of nutrients and leukocytes. In
proliferating tumors, an overexpression of a variety of proan-
giogenic factors leads to the development of a distinct tumor-
associated vasculature (TAV) characterized by disorganized
aberrant vascular networks, immature and tortuous vessels
and increased permeability [9-13]. Within the hypoxic,

nutrient-deprived TME of a rapidly growing tumor, increased
autophagy of the dysfunctional endothelial cells lining the
blood vessels may further promote a pathological angiogenic
cascade [14]. The TAV plays a significant role in tumor cell
intravasation, an important component of metastasis and
may also promote immunoevasion by actively suppressing
the recruitment, adhesion, and activity of T cells to the tumor
[15]. These unique features of the TAV have made it an
attractive target of selective therapeutic intervention for a
variety of cancers.

Immune Infiltration

Immune infiltration of tumors has been reported to contrib-
ute to the prediction of clinical outcomes. For several types
of cancer, the composition of tumor-infiltrating immune cells
(TIICs) can serve as novel targets for therapy as well as being
important biomarkers for monitoring therapeutic response
[16], predicting risk of recurrence and informing patient sur-
vival [17, 18]. TIIC include macrophages, T and B lympho-
cytes, natural killer (NK) cells, NK-T cells, dendritic cells
(DCs), neutrophils, eosinophils, and mast cells.

Macrophages are the most prominent immune cell type in
the TME and have diverse functions linked to cancer devel-
opment, progression, and angiogenesis [19-21]. Tumor-
associated macrophages (TAM) can augment, mediate and/
or antagonize the antitumor activity of radiation therapy,
cytotoxic agents, and checkpoint inhibitors [22]. TAMs have
been shown to induce tumor angiogenesis [23—-25] and sup-
port tumor migration, invasion, and proliferation through the
production of various molecules, such as VEGF [26, 27].
Studies have also revealed that macrophages can assist circu-
lating cancer cells in extravasating to distant sites, leading to
metastases [28].

Extracellular Matrix (ECM)

The extracellular matrix (ECM) plays a key role in cancer
development and progression and constitutes a versatile scaf-
fold composed of a network of proteins such as glycosami-
noglycans, fibrous proteins such as collagen, laminin,
fibronectin, elastin, growth factors, angiogenic factors and
chemokines that interact with cell surface receptors [29].
Importantly, the ECM influences tumor cell adhesion, prolif-
eration, migration, and communication [19, 30]. The ECM is
characterized by its biochemical composition as well as bio-
physical characteristics including topography, density, and
elasticity. The ECM undergoes remodeling by tumor cells,
CAFs, and other component cells of the TME as well as fac-
tors such as matrix metalloproteinases (MMPs) to release
chemokines, growth and angiogenic factors to modify and
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support the TME [1, 2, 31-34]. The ECM of both the stromal
and epithelial compartments of a tumor is modified by the
activity of ECM-degrading proteases such the MMPs and
ADAMs (A Disintegrin And Metalloprotease), which them-
selves are controlled by their endogenous inhibitors, the tis-
sue inhibitors of metalloproteinases (TIMP) along with other
factors [35-38].

Cancer Diagnostics and Prognostics

Here, we review the current status of biomarkers from the
tumor and the tumor microenvironment (TME) with respect
to cancer diagnosis, prognosis, disease progression, and ther-
apeutic efficacy (Table 22.1). Studies have been included
here if their sample numbers studied were n = 50 or greater
with the exception of cancers where published sample sizes
were limited as a function of lower prevalence of disease.

Breast Cancer

Breast cancer (BC) is the most common cancer in women in
the USA (seer.cancer.gov) as well as globally [166]. In the
early stages of breast cancer, cancer cells localize within the
breast tissue and the tumors are identified as being “in situ”

Table 22.1 Biomarkers of the tumor and its microenvironment

(e.g., ductal carcinoma in situ). Subsequently, in more
advanced stages, cancer cells invade into the neighboring tis-
sues and lymph nodes and, at the most malignant stage,
metastasize to distant organs, such as bone, lung, and brain.
Early detection and subtype-specific therapy for BC can sig-
nificantly improve patient prognosis, with >90% 5-yr sur-
vival rates being observed for patients diagnosed with Stage
I and I BC (seer.cancer.gov). However, survival is consider-
ably lower for Stage IV disease (~26%) or for certain BC
subtypes, ~77% for triple-negative breast cancer (TNBC)
and ~75% for Her2+ BC, respectively [167]. Mammography
and MRI approaches are the current gold standard for BC
detection, however, the sensitivity and specificity of mam-
mography can be low for young women and women with
dense breast tissue [168]. Therefore, novel and effective
methods of BC diagnosis and prognosis are urgently needed.
We have previously reviewed the potential of MMP/ADAM
biomarkers for the detection of BC [1, 2, 73]. Here we will
focus on biomarkers originating from the breast tumor and
its TME (Table 22.1).

While BC is not considered to be highly immunogenic,
the impact of the immune landscape of the TME on BC pro-
gression is currently an intense area of investigation. High
levels of tumor-infiltrating lymphocytes (TILs) are most
commonly found in HER2+ and TNBC tumors and are asso-
ciated with a good prognosis and response to the anti-HER2

Cancer Application Biomarker Sample Type References
Breast Prognostic ADAMI12, MMP-9 Tissue, urine [2,39-41]
MMP-9 Tissue, serum [42]
CD68, CD163, MMP-9 Tissue [43]
PD-L1, CD8 Tissue [44]
TIL Tissue [45-47]
Diagnostic MMP-9, MMP-9/NGAL Urine [1, 48, 49]
MMP-7, MMP-26, CA15-3 Plasma [50]
miR-99a-5p Plasma [51]
Predictive =~ miR-18b, miR-103, miR-107, miR-652 Serum [52]
Lung Prognostic EGFR, BRAF-ALK, ROSI-RTK Tissue [53]
Diagnostic TP63, keratin 5, CECAM6, SFTPB Serum [54]
NSE Serum [55]
CYFRA21-1 Plasma [56]
Predictive  IL-18 Serum [57]
ProGRP Tissue [58]
LKB1 Tissue [59]
Prostate Prognostic MMP-1, MMP-9, TIMP-2 Tissue [2, 60]
MMP-2, MMP-7, MMP-11 Serum [61-63]
ADAM15 Tissue [64]
Cav-1 Tissue [65, 66]
miR-205 Tissue [67]
1L-6, IL-8, TNF-a, CCL2 Serum [68-70]
Diagnostic MMP-2, VEGF Serum [1,48,71,72]
2M, PGA3, MUC3 Urine [3, 73, 74]
ADAM12 Serum, urine [75]
AR, PR Tissue [76]
ASPN Tissue [77]
SFRP4 Tissue [78]
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Table 22.1 (continued)
Cancer Application Biomarker Sample Type References
Pancreatic Prognostic  Cav-1, FASN Tissue [79, 80]
ADAM12 Tissue, serum, urine [81-83]
Diagnostic VEGF Blood [84]
MMP-7, CCN2, IGFBP2, TSP-2, sSICAMI1, TIMP-1, PLG Plasma [85]
TFPI, TNC-ENII-C, CA19-9 Plasma [86]
LIF Tissue, serum [87]
miR-3940/miR-8069 Urine [88]
MMP-2, TIMP-1 Urine [2, 89]
LYVE-1, REG1B, TFF1 Urine [90]
Ovarian Prognostic TEMS Tissue [91]
S100A1 Tissue [92]
YKL-40 Serum [93]
Diagnostic MMP-2, MMP-9, NGAL Urine, ascitic fluid [2, 94, 95]
ADAM17, ADAM12 Tissue, serum [96-99]
VEGF Serum [100]
HE4 Serum, plasma [101-104]
Predictive  IL-6 Tissue, plasma [105, 106]
NLR Blood [107]
Liver Prognostic  VASP Tissue [108]
MMP-9 Tissue [109]
ST2 Serum [110]
VEGFR-1 Tissue [111]
GPC3, AFP Cytoplasm [112]
MDK Serum [113]
miR-18b Tissue [114]
Diagnostic GPC3, AFP Cytoplasm [112]
miR-92a-3p, miR-107, miR-3126-5p Tissue [115]
Predictive ~ VASP Tissue [109]
MMP-2, MMP-9 Tissue [109]
sVEGFR-1, VEGEF, bFGF, CD3, CD4, Treg, CD56, IL-6, Plasma [116]
s-MET
VEGF, Ang-2, bFGF Plasma [117]
FGF19 Tissue [118]
MDK Serum [113]
miR-18b, miR-92a-3p, miR-107, miR-3126-5p Tissue [114, 115]
Gastric Prognostic PAK6 Tissue [119]
ADAMTS-2 Tissue [120]
COLI12A1 Tissue [121]
CD163 Tissue [122]
KLK10 Urine [123]
Diagnostic MMP-9/NGAL, MMP-9, ADAM12 Urine [124]
TFF1, ADAMI12, H. pylori Urine [125]
miR-6807-5p, miR-6856-5p, H. pylori Urine [126]
FAP-a Tissue [119]
Predictive  Ki-67, TS, COX2, ERCCI1, P21 Tissue [119]
Kidney Prognostic TuM2PK Plasma [127]
TGF-a, VEGFR-2, TNF-RII Plasma [128]
CXCL7 Plasma [129]
CAIX Tissue [130, 131]
MVD Tissue [132]
Predictive ~ Ang-2, MMP-2 Serum, plasma [127, 133,
134]
MMP-9 Serum [135]
IL-8, IL-9, IL-2Ra, PDGF-AA, TNF-RI, TNF-« Plasma [128]
CXCL10 Serum, plasma [128, 133]

(continued)
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Table 22.1 (continued)
Cancer Application Biomarker Sample Type References
Brain Prognostic  OPN Tissue, serum, plasma  [136]
miR-340-5p, CD163, POSTN, LIBP1, HMGA-2 Tissue [137]
MMP-2, MMP-9, MMP-2/TIMP-1 Tissue, blood, [138-140]
cytoplasm
AREG Serum [141]
Diagnostic BMP2, HSP70, CXC, CXCL10 Serum [142]
CD163, CD70, CD3 Tissue [143]
Predictive = MMP-9 Tissue [138]
Brain (Pediatric) Prognostic CTC Blood, CSF [144]
Diagnostic MMP-2, MMP-9, MMP-9/NGAL, VEGF Tissue, urine, CSF [144, 145]
bFGF, TIMP-3 Urine [146]
Neogenin, netrin-1 Urine [147]
Netrin-1, bFGF, MMP-3, TIMP-1 Urine [148]
Predictive =~ MMP-9, TIMP-1, MMP-13 Urine [148]
Neuroblastoma Prognostic MYCN Blood [149]
(Pediatric) USP17L5, SLC25A5, POF1B, RND3, KLC4, SLC12A1 Genetic [150]
Cell-free DNA Plasma [151, 152]
TH, PHOX2B, DCX Blood, bone marrow [153]
miR-29¢, miR-342-3p, let-7b Plasma [154, 155]
Catecholamines, VMA, HVA Urine [156]
LDH, ferritin Serum [156, 157]
NSE Serum [158]
Predictive =~ MYCN, ALK, TrkB, GD2 Genetic [159]
Wilms’ Tumor Prognostic  Gain of 1q Genetic [160-162]
(Pediatric) Loss of 14q Genetic [160]
11p15 loss of heterozygosity, WT'/ mutation Genetic [163]
IL-6, STAT3 Tissue [164]
Predictive  PHB Urine [165]

Note: Studies were included if sample numbers were n = 50 or greater with the exception of cancers where published sample sizes were limited as

a function of lower prevalence of disease

therapy, Trastuzumab [45-47]. For TNBC patients treated
with nab-Paclitaxel (Abraxane) + Atezolizumab, pro-
grammed death-ligand 1 (PD-L1) expression on immune
cells and tumor cells of both primary and metastatic BC have
been reported to be linked to progression-free survival (PFS)
and overall survival (OS) benefit [44]. Intratumoral CD8
expression and TIL positivity also predicted improved out-
come in this study, suggesting that patients with a richer
immune TME have a clinical benefit from this combination
therapy [44]. TAMs are gaining interest as biomarkers of BC
prognosis and therapeutic response. Immunofluorescence
detection of the TAM markers CD68, CD163, and MMP-9 in
two independent BC cohorts indicated that all three markers
were expressed in TNBC. While CD68 positivity correlated
with poor OS for TNBC, increased expression of CD163 in
TAMs was associated with improved OS in the same group
[43]. Interestingly, MMP-9 TAM expression was associated
with worse OS in ER-positive but not ER-negative BC [43],
suggesting that TAM-targeted therapies may be beneficial in
the former group.

MicroRNAs (miRNAs) are a class of small noncoding
RNA that can regulate gene expression and are known to be
dysregulated at all stages of BC. Liquid biopsy-based detec-

tion of both cell-free and extracellular vesicle (EV)-
associated miRNA may serve as biomarkers for the early
detection, prognosis and therapy response for BC [169-171].
Plasma levels of miR-99a-5p were reported to be signifi-
cantly higher in BC patients compared to healthy controls
and demonstrated good diagnostic potential for early BC
(Stage I and II) [51]. A four-miRNA serum signature (miR-
18b, miR-103, miR-107, and miR-652) was associated with
recurrence and reduced OS in TNBC patients [52], suggest-
ing that this high-risk signature score may serve as a predic-
tor of the presence of TNBC. Importantly, circulating
miRNAs are currently being studied in multiple clinical tri-
als as biomarkers for BC screening, early diagnosis and as
sentinels of therapeutic efficacy for patients undergoing neo-
adjuvant treatment (clinicaltrials.gov).

MMPs are expressed by both tumor cells and stromal
cells within the TME and are critical for tumor progression
and metastasis [38, 172-174]. Plasma levels of MMP-7 and
MMP-26 combined with the standard marker for BC, cancer
antigen 15-3 (CA15-3), provided the highest diagnostic
specificity for advanced BC (Stage III and IV), indicating
that combined assessment of these circulating markers can
improve the diagnostic utility of CA15-3 in determining dis-
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ease progression [50]. Monitoring serum levels as well as
immunohistochemistry (IHC) staining of tumors for MMP-9
expression during neoadjuvant chemotherapy for TNBC
indicated that a decrease in MMP-9 levels after treatment
was significantly associated with pathological complete
response (PCR) in patients, illustrating the utility of MMP-9
detection to identify the subgroups of TNBC patients that are
most likely to benefit from therapy [42]. We have previously
reported that MMP-9 and MMP-9/NGAL complex [48, 49]
and ADAMI12 [39] are significantly upregulated in the urine
of BC patients and may serve as predictive biomarkers of BC
status and stage. We have also demonstrated that multiplexed
analyses of urinary MMP-9 and ADAM12 can predict which
patients are at an increased risk of developing BC [40].
ADAM12 expression in BC tissues has been reported to be
closely related to Ki67 (cellular proliferation marker) and
HER?2 status in ER-positive tumors and high ADAM12 lev-
els were reported to be associated with shorter OS [41]. In
terms of translating these markers for use in BC manage-
ment, MMPs, in particular, based on our work and others,
MMP-2 and MMP-9 are currently or have been investigated
in over forty FDA-approved clinical trials as biomarkers of
therapeutic efficacy of a variety of BC therapies (clinicaltri-
als.gov).

Lung Cancer

Lung cancer (LC) is the second most commonly diagnosed
malignancy of men and women and has the highest cancer-
related mortality (seer.cancer.gov) [175]. LC comprises two
major histological types: small cell (SCLC) and non-small
cell lung cancer (NSCLC). In particular, NSCLC is the most
prevalent form of lung cancer with a dismal 5-yr prognosis
of ~15% [175]. Despite recent advances in surgery, radia-
tion, chemotherapy, and targeted therapies, LC prognosis
remains poor due to delayed diagnosis and the presence of
locally advanced and metastatic disease [176]. Identification
of NSCLC molecular subtypes including tumors with acti-
vating EGFR mutations, BRAF-ALK gene fusions and ROSI-
RTK fusions have enabled targeted therapies that can improve
OS in patients with metastatic disease [53]. However, these
targeted therapies benefit only ~20% of LC patients and
while initially effective may lead to eventual therapy resis-
tance [53], underscoring the crucial importance of novel bio-
markers for the diagnosis and prognosis of LC. We have
previously reviewed the potential of MMP/ADAM biomark-
ers for the detection of LC [73], and here we will focus on
biomarkers from the LC tumor and the TME (Table 22.1).
The TME plays a central role in the initiation and progres-
sion of primary lung cancers and is recognized as a viable
target for anti-cancer therapies [177]. A panel of 4 exosomal
mRNAs, including TP63, keratin 5, CEA cell adhesion mol-
ecule 6 (CECAMO6) and surfactant protein B (SFTPB), iso-

lated from the serum of LC patients has been reported to
provide improved specificity and sensitivity compared to the
individual mRNAs to differentiate between adenocarcinoma
and squamous carcinoma, two subtypes of NSCLC [54]. The
serum concentration of neuron-specific enolase (NSE) a gly-
colytic enzyme, was reported to be significantly higher in LC
patients with bone metastasis compared to those without
bone lesions [55], suggesting that NSE may be used to iden-
tify bone metastasis during primary LC diagnoses.
Circulating cytokeratin 19 fragments (CYFRA21-1) levels
have been reported to be an independent prognostic factor
for all stages of LC as well as an indicator of metastasis [56].
The prognostic significance of blood CYFRA21-1 levels is
currently being investigated via clinical trials to predict OS
in NSCLC patients (clinicaltrials.gov).

Serum-based biomarkers from the tumor and the TME
may also be used to determine prognosis or to monitor thera-
peutic efficacy in LC. For example, serum IL-18 has been
reported to be an early biomarker for tumor response to
Atezolizumab (anti-PD-L1) in NSCLC therapy [57]. Levels
of progastrin-releasing peptide (ProGRP), which regulates
gastric acid secretion, were shown to be elevated in most
patients with SCLC and could aid in the diagnosis of suspi-
cious lung nodules [58, 178], which is important for deter-
mining optimal treatment strategy. In addition, for LC
patients with elevated baseline ProGRP levels, a reduction in
ProGRP after chemotherapy has been reported to represent a
lack of disease progression for SCLC suggesting that serum
ProGRP may be useful in monitoring response to chemo-
therapy and might provide valuable prognostic information
[58]. Liver kinase B1 (LKBI1) is a key sensor for metabolic
stress of the TME and is upregulated in hypoxia and during
glucose deprivation, conditions that may arise during tumor
anti-angiogenic therapy. LKB1 has been reported to be a
potential predictive marker of sensitivity to Bevacizumab
(Avastin) therapy for advanced NSCLC patients [59].
Moderate to intense LKB1 IHC staining of lung tumors was
associated with lower risk of patient death, whereas negative
LKBI lung tissue staining correlated with the lack of clinical
benefit from Bevacizumab treatment [59].

Manipulating the immune response to target tumor cells
has revolutionized LC treatment resulting in prolonged OS
in a subset of patients. Biomarkers such as PD-L1, tumor
mutational burden and TILs in the TME may all serve as
markers of response to immunotherapy in LC patients and
have been extensively reviewed in the literature [179, 180].
A prognostic immune gene signature composed of 40 unique
genes has been reported to be able to stratify low- and high-
risk patients in terms of estimating OS in nonsquamous
NSCLC [181]. A high immune score analyzed via PDL-1
IHC of tumors, and the presence of several immune cell
types belonging to the adaptive immune system may also be
predictive of prognosis after surgery for lung adenocarci-
noma patients [182].
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Prostate Cancer

Prostate cancer (PCa) is one of the most common malignan-
cies in men and is associated with a high mortality rate when
disease progresses to metastasis and acquires androgen and
therapeutic resistance [3, 183]. Current prognostic factors of
PCa include the Gleason score and prostate-specific antigen
(PSA) which is secreted from prostate epithelial cells.
However, serum levels of PSA are elevated in both benign
and malignant prostate growth conditions resulting in lim-
ited sensitivity and specificity for PCa detection. Therefore,
patients often have to rely on invasive prostate biopsies for a
precise diagnosis. This highlights a clinical need for more
accurate PCa biomarkers that differentiate between benign
prostatic conditions and PCa. We have previously reported
that MMPs, TIMPs, and other non-invasive biomarkers can
predict the presence of early PCa as well as distinguish
between PCa and benign prostatic hypertrophy (BPH) [2, 3,
73, 74]. Here we will focus on biomarkers from prostate
tumors and the surrounding TME (Table 22.1).

Our group has reported that urinary MMP-2 and VEGF
levels were significantly higher in PCa patients compared to
age and sex-matched healthy controls and could aid in diag-
nosis and prediction of therapeutic response [1, 48, 71, 72].
We have also reported that elevated urinary levels of f3,
microglobulin (f2M), pepsinogen A3 (PGA3), and mucin 3
(MUC3) can distinguish between PCa and BPH [73, 74]. A
meta-analysis has demonstrated that MMP-2 expression in
tumor tissues of PCa patients was significantly higher com-
pared to that in prostatic tissues of BPH patients and was also
significantly associated with Gleason score and PCa clinical
stage [61]. IHC studies have demonstrated that elevated
expression of MMP-1 and MMP-9 in prostate tumor tissue
was associated with better disease-free survival (DFS) [60].
Interestingly, the expression of TIMP-2, which inhibits
MMP activity and may modulate endothelial cell prolifera-
tion and angiogenesis [35, 37], was upregulated in the nor-
mal adjacent tissues of PCa patients and was also associated
with DFS [60]. Serum levels of MMP-7 have been reported
to be significantly higher in PCa patients with metastatic dis-
ease, but there were no differences between patients with
local disease and healthy controls [62]. MMP-11 has been
shown to be strongly correlated with Gleason score, patho-
logic tumor stage, and shorter survival and as well as being
associated with poor prognosis [63]. Several MMPs and their
inhibitors are currently being investigated as biomarkers of
therapeutic efficacy in FDA-approved clinical trials (clinical
trials.gov). Additionally, ADAM family members have been
reported to be significantly elevated in PCa patients com-
pared to healthy controls. For example, increased ADAM15
expression in PCa tumor tissues was linked to high Gleason
grade, advanced pathological tumor stage, positive nodal
stage, surgical resection margin and PSA recurrence [64].

ADAMI2 levels in serum and urine were significantly
increased in patients with PCa compared to healthy controls,
suggesting that ADAM12 might be a potential biomarker of
PCa [75].

PCa tumor cells produce several inflammatory factors,
which modify the TME and contribute to tumor cell growth,
survival, invasion, and progression. Increased serum levels
of IL-6, IL-8, tumor necrosis factor (TNF-a), and C-C Motif
Chemokine Ligand 2 (CCL2) have been reported to be asso-
ciated with accelerated progression and poor prognosis in
PCa [68-70]. Importantly, cytokines including various inter-
leukins, TNF-a, and other factors such as VEGF are being
evaluated in clinical trials as biomarkers for a variety of ther-
apeutic strategies for PCa (clinicaltrials.gov). Caveolin-1
(Cav-1) expression in PCa stroma has been reported to be
inversely correlated with disease progression [65, 66].
Studies have shown that low stromal Cav-1 expression was
associated with poor disease-specific survival (DSS),
increased Gleason score and reduced relapse-free survival
(RFS) [65, 66]. Furthermore, stromal expression of Cav-1
was found to be highest in non-malignant tissue [65]. These
findings suggest that reduced stromal Cav-1 levels in the
TME may contribute to cancer progression and may serve as
a useful prognostic marker for PCa.

PCa markers originating in the TME have also been inves-
tigated in relation to the Gleason score. While progesterone
receptor (PR) was expressed only in prostate stromal cells,
androgen receptor (AR) and estrogen receptor (ER) were
expressed in both epithelial and stromal cells. Interestingly,
significant decreases have been reported in the expression of
AR in tumor tissues (Gleason score 8) when compared with
normal prostate tissues [76]. ER and AR-targeted therapies
for PCa have been extensively studied in clinical trials (clini-
caltrials.gov).

CAFs and other stromal cells in the TME have been
reported to express asporin (ASPN), which regulates trans-
forming growth factor  (TGFp) and fibroblast growth factor
2 (FGF2) activity [184, 185]. ASPN expression in stroma
was assessed by IHC and was significantly increased in
tumors compared with benign prostate samples and corre-
lated with biochemical recurrence or relapse following can-
cer treatment [77]. Secreted frizzled-related protein 4
(SFRP4), which regulates Wnt signaling, is upregulated in
prostate tumors and has been reported to be associated with
disease recurrence, poor prognosis and PCa aggressiveness.
In a microarray study of PCa tissues, SFRP4 expression was
also reported to be linked to high Gleason grade, lymph node
metastasis, and a positive surgical margin [78], suggesting
SFRP4 might have prognostic utility in specific types of
PCa.

Another potential biomarker for PCa, miR-205, is a tumor
suppressor and has been reported to be downregulated in
PCa epithelium compared to adjacent normal tissues [67].
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High expression of miR-205 in the normal epithelium of PCa
patients was independently associated with biochemical
relapse, and therefore, miR-205 may serve as a prognostic
biomarker for PCa. In prostate tumors, miR-205 correlated
positively with angiogenesis-related markers such as platelet-
derived growth factor (PDGF)-D, PDGF-B, VEGF-A,
VEGF-C, and VEGFR-2. A number of other microRNAs are
currently being investigated as biomarkers for therapeutic
response in PCa clinical trials (clinicaltrials.gov).

Pancreatic Cancer

Pancreatic cancer (PC) is a lethal malignancy associated
with an extremely poor prognosis due to a combination of
late diagnosis, frequent recurrence and resistance to current
therapeutic modalities [167] (seer.cancer.gov). The majority
(~82%) of PC patients present with regional or distant metas-
tases at initial diagnosis making complete resection impos-
sible, thereby leaving patients to rely predominantly on
conventional chemotherapeutic options [186, 187], which
results in drastically reduced patient survival (5-yr, ~10%). A
lack of specific symptoms makes PC difficult to diagnose.
Unfortunately, the only approved clinical PC biomarker,
CA19-9, [188, 189] has moderate sensitivity and specificity
for detecting PC [189-191], and in particular, a very low sen-
sitivity for the detection of early PC [188, 192].

For these compelling reasons, there exists an intense
interest in the development of accurate biomarkers for PC
that can better detect disease and guide therapy. PC has a
particularly active tumor TME characterized by desmoplas-
tic fibrotic stroma, an abundant ECM, poor effector T cell
infiltration and other immune-suppressive features. We have
previously reviewed the potential of MMP/ADAM biomark-
ers for the detection of PC [2]. Here we will focus on bio-
markers from the PC tumor and the TME (Table 22.1). CAFs
have a crucial function in driving PC progression through
paracrine interactions. Cav-1, a scaffolding protein, is
expressed by fibroblasts of the desmoplastic PC stroma but
not by stromal cells of the normal pancreas [79] and the co-
expression of Cav-1 and fatty acid synthase (FASN) is
reported to correlate with histologic grade and advanced
tumor stage as well as lower survival in PC patients [79].
Loss of stromal Cav-1 expression was found to be associated
with PC TNM stages, lymph node and distant metastasis and
could predict poor clinical outcome for PC patients [80].

ADAMI12 was reported to be upregulated in pancreatic
CAFs compared to fibroblasts from normal pancreatic tis-
sues [81] and is considered to be a marker of activated
stroma. An analysis of patient tumors and serum samples
from the Phase II MPACT trial found that high ADAM12
levels were significantly associated with poor outcome for
PC patients [82]. Low ADAMI12 levels associated with lon-

ger survival for PC patients who received nab-Paclitaxel
(Abraxane) [82], suggesting that ADAMI12 is a circulating
biomarker for stromal activation with both prognostic and
therapeutic significance. Ongoing clinical trials are assessing
the relative abundance of stroma in metastatic PC tumor tis-
sues and stromal markers such as ADAM12, in tissues and
blood as a predictor of response to treatment and survival in
PC patients (clinicaltrials.gov). We have previously reported
that urinary ADAM12 levels could serve as significant inde-
pendent predictor for distinguishing pancreatic ductal adeno-
carcinoma (PDAC) and pancreatic neuroendocrine tumors
(pNET) patients from healthy controls [83]. Patient survival
stratified by urinary ADAM12 levels indicated a significantly
shorter OS for PDAC patients with high ADAMI12 levels
compared to patients with lower urinary ADAM12 [83]. We
have reported that urinary levels of MMP-2 and its endoge-
nous inhibitor TIMP-1 are significant independent predictors
to distinguish PDAC patients from healthy controls [89].
Combined analysis of urinary MMP-2 and TIMP-1 resulted
in a markedly improved accuracy [89] over using CA19-9
alone [193], the currently utilized biomarker for PDAC. In
addition, urinary MMP-2 may predict the presence of pNET
tumors, whereas TIMP-1 levels may differentiate between
PDAC and pNET patient groups [89]. In an ongoing clinical
trial, MMP-9 levels in pancreatic cyst fluid are being ana-
lyzed in patients with high-risk intraductal papillary muci-
nous neoplasm (IPMN) lesions who are at an increased risk
of radiographic progression to PDAC (clinicaltrials.gov).
Ongoing trials are also investigating the blood levels of
MMP-7 and MMP-9 as surrogate markers of therapeutic effi-
cacy for combined PRI-724 + Gemcitabine and proton beam
therapies for PC patients, respectively (clinicaltrials.gov).
VEGF is overexpressed in PC and reported to be a useful
marker for poor prognosis in PC [194]. VEGF levels in portal
blood were associated with tumor grade and correlate with
tumor size for patients with PDAC [84]. Soluble stroma-
based markers have also been investigated as potential bio-
markers for PDAC. A biomarker panel of stroma-related
proteins such as MMP-7, cellular communication network
factor 2 (CCN2), insulin-like growth factor binding protein 2
(IGFBP2), thrombospondin-2 (TSP-2), soluble ICAMI
(sICAM1), TIMP-1, and plasminogen precursor (PLG) were
evaluated in plasma samples and were reported to discrimi-
nate PDAC from healthy controls and from chronic pancre-
atitis [85].

Detection of early and localized PDAC has been shown to
increase the 5-yr survival of PC patients to ~43% (Stage II)
and ~50% (Stage I) from ~10.8% (5-yr overall survival)
[195]. A 29-biomarker serum signature has been shown to
discriminate between patients with Stage I and II PDAC
from healthy controls and was subsequently validated in an
independent case-control cohort [196]. Similarly, a plasma
panel including tissue factor pathway inhibitor (TFPI),
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tenascin C (TNC-FNII-C) and CA19-9 improved upon
CA19-9 alone in discriminating early-stage PDAC compared
to healthy controls as well as distinguishing early-stage
PDAC from patients with benign pancreatic conditions such
as diabetes and chronic pancreatitis [86]. PDAC is associated
with pathogenic modifications to the peripheral nervous sys-
tem that elevate metastatic capacity. [L6-related stem cell—
promoting factor (LIF) has been reported to support
PDAC-associated neural remodeling and is upregulated in
PC tumor tissues compared to the healthy pancreas [87].
Compared to serum from patients with benign pancreatic
conditions or healthy controls, the sera from PDAC patients
contained elevated LIF levels which correlated with intratu-
moral nerve density, suggesting that LIF could be a candi-
date biomarker and a therapeutic target for PDAC-associated
neural remodeling [87].

PC-derived exosomes have been explored for their poten-
tial application as cancer biomarkers [197, 198]. The miR-
3940-5p/miR-8069 ratio was found to be elevated in the
urinary exosomes of PDAC patients with early-stage disease
[88] compared to that of healthy controls or chronic pancre-
atitis patients and when combined with CA19-9, were shown
to be a useful tool for the diagnosis of PDAC [88]. A 3-pro-
tein (LYVE-1, REGI1B, and TFF1) urinary biomarker panel
has been reported to distinguish Stage I and IT PDAC from
healthy controls and when combined with plasma CA19-9,
this panel achieved an increased accuracy [90, 199]. This
3-biomarker urine panel was recently combined with a logis-
tic regression model to create the algorithm PancRISK score,
which provided high sensitivity and specificity for the strati-
fication of patients into normal or elevated risk categories
[200]. The PancRISK score is being suggested for use in sur-
veillance of individuals with a family history or genetic
background for PC or at an increased risk due to benign dis-
eases of the pancreas [200].

Ovarian Cancer

Epithelial ovarian cancer (OC) is the leading cause of death
among women with gynecologic cancers. Despite advances
in surgery and chemotherapy, 5-yr survival rates for OC have
not significantly improved over the past few decades (seer.
cancer.gov). The most common subtypes of OC include
serous carcinomas, endometriosis carcinomas, mucinous
carcinomas and clear cell carcinomas. Elevated serum levels
of CA125 are widely used to detect OC. However, many
patients with early-stage OC and a subset of patients with
advanced OC have CA125 levels within the normal range
(~35 U/mL), such that these women are left without reliable
diagnostic biomarkers to detect OC status. We have previ-
ously reported that urinary MMP-2, MMP-9, and lipocalin-2
(NGAL) significantly discriminated between OC patients

with normal CA125 levels compared to healthy controls and
could represent an important predictor of the presence of OC
in the ~30% of women for whom no reliable diagnostic test
exists [2, 94]. Grounded in some of this work, several MMPs
have been investigated as biomarkers of therapeutic efficacy
in clinical trials for OC patients (clinicaltrials.gov). MMP-9
expression was significantly higher in the EVs isolated from
the ascites of high-grade serous OC patients compared to
patients with benign liver cirrhosis, suggesting the potential
of this EV population to serve as a biomarker for high-grade
serous OC [95]. Several members of the ADAMs family,
specifically ADAM17, ADAM12, and ADAMO are highly
expressed in early and advanced OC tissues [96-99].
ADAM17 is a sheddase for activated leukocyte cell adhesion
molecule (SALCAM) whose serum levels were found to be
elevated in OC patients compared to healthy controls [97].
ADAMI12 serum levels were associated with shorter PES,
OS, and tumor lymphatic and vascular invasion in an aggres-
sive subtype of high-grade serous OC [98]. Finally, muta-
tions in ADAMTS (A disintegrin and metalloproteinase with
thrombospondin motifs) members have been significantly
associated with an improved OS as well as PFS in OC
patients without BRCA1/2 mutations [201].

Serum levels of CA125 and VEGF were reported to be
significantly higher in patients with OC than in healthy con-
trols [100]. In this study, the combination of CA125 and
VEGF improved the specificity and sensitivity of detection
of early-stage OC and was suggested to be more efficacious
than CA125 alone. Similarly, the combination of human epi-
didymis protein 4 (HE4) and CA125 has been shown to
improve the sensitivity, specificity, and diagnostic power
compared to CA125 alone [101] and has been reported to be
increased in the serum of patients with OC compared with
benign disease and healthy controls [102-104]. Elevated
serum levels of HE4 and CA125 in patients with OC were
also associated with worse PFS [103, 104]. The neutrophil-
to-lymphocyte ratio (NLR) has been reported as a potential
predictive marker of OC in patients with normal CA125 lev-
els, and the combination of NLR and CA125 had greater
specificity than CA125 alone [107].

Several potential biomarkers have been identified in the
TME of OC. IL-6 signaling plays a significant role in carci-
nogenesis across a variety of solid tumors, including OC and
is expressed by ovarian tumor and stromal cells. THC stain-
ing of IL-6 was reported to be significantly higher in malig-
nant tumors and was associated with shorter PES in OC
[105]. IL-6 has also been reported to be predictive of a thera-
peutic advantage of Bevacizumab for PFS and OS compared
with the placebo group [106]. IL-6 in addition to other inter-
leukins and VEGF have been investigated as predictive bio-
markers in clinical trials for OC (clinicaltrials.gov).

Tumor endothelial marker 8 (TEMS) is highly expressed
in the OC TME and is associated with poor prognosis and
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tumor-associated angiogenesis. Expression of TEM8 was
elevated in the malignant tumor tissues and the borderline
tumor tissues with atypical epithelial proliferation compared
to normal ovarian tissues and was significantly associated
with the International Federation of Gynecology and
Obstetrics (FIGO) stages, lymph node metastasis, and poor
prognosis in OC patients [91]. S100 calcium-binding protein
Al (S100A1) is a calcium-binding protein belonging to the
family of S100 proteins that are reported to be implicated in
the crosstalk between tumor cells and stroma and is highly
expressed in OC tissues [202]. Compared with healthy fal-
lopian tubes and ovarian tissues, SIO0A1 expression was
significantly increased in OC tissues and correlated with
lymph node metastasis, FIGO stage and tumor grade [92].
The chitinase-like glycoprotein, YKL-40, is secreted by vari-
ous cell types including tumor cells and TAMs in the TME
and may represent a novel marker for OC. Preoperative
YKL-40 serum levels in early-stage OC were significantly
elevated compared with healthy controls [93]. YKL-40
serum levels were also reported to be significantly associated
with stage and worse prognosis [93].

Liver Cancer

Liver cancer is the sixth most diagnosed cancer as well as the
third leading cause of cancer-related death worldwide
(GLOBOCAN)(gco.iarc.fr). Hepatocellular carcinoma (HCC)
is the most common primary malignant liver tumor in the
USA (seer.cancer.gov). Although screening for liver disease
has increased over time, insufficient diagnostic and monitor-
ing tools and the lack of consistent screening limits treatment
options for patients. Early diagnosis is essential to improve OS
for HCC patients and provide better treatment options [203].
Curative treatments are available for patients with early-stage
diagnosis, which has in turn increased HCC survival rates by
~70% [204]. Developing and identifying robust diagnostic
and prognostic markers is essential for the early detection of
HCC and for predicting clinical outcomes. Here we discuss
biomarkers of the liver tumor and its TME that play a role in
the diagnostic, prognostic, and therapeutic efficacy in HCC
patients (Table 22.1). Vasodilator-stimulated phosphorylation
(VASP) is a regulator of actin cytoskeleton and cell migration,
and has been reported to be overexpressed in HCC and is
indicative of poor prognosis as it promoted aggressive pheno-
type and metastasis [109]. Although VASP was reported to be
an independent factor in predicting survival of HCC patients,
the downstream effect of VASP overexpression resulted in
upregulated MMP-2 and MMP-9 levels, which were associ-
ated with increased migration and invasion of HCC cells in
these studies [109]. Upregulated expression of ADAMTSS in
tumor tissues has been reported to be associated with poor
prognosis and worse OS for HCC patients [108]. A recent

study demonstrated a correlation between angiogenic and
immune biomarkers of the liver TME and time of progression
(TTP) during combination Sorafenib and FOLFOX treatment
in HCC patients [116]. Shorter TTP was found to be associ-
ated with high plasma levels of sVEGFR-1, VEGF, bFGF, cir-
culating CD3+, CD3+CD4+Treg and CD56 for Sorafenib
treatment alone. There was an increase in CD56, IL-6 and
soluble Met (s-Met) plasma levels for the combination treat-
ment suggesting that these markers may be useful to monitor
therapeutic efficacy for HCC [116]. Similarly, circulating bio-
markers have been evaluated as sentinels of therapeutic effi-
cacy for Cediranib (panVEGFR RTK inhibitor) in HCC
patients [117]. Increased plasma levels of VEGF, angiopoi-
etin-2 (Ang-2) and bFGF were associated with poor outcome,
whereas an increase in IFN-y was significantly associated with
longer PFS in this study [117], suggesting that proangiogenic
and inflammatory factors may serve as potential biomarkers of
anti-VEGF therapy in HCC [117]. Currently, MMPs, chemo-
kines, and immune infiltrates are being investigated via clini-
cal trials as tools to monitor clinical efficacy and response to
different treatment interventions for HCC such as Axitinib,
Lenvatinib, and Nivolumab (clinicaltrials.gov).

ST2 is a member of the interleukin-1 receptor family, and
is the receptor for IL-33. While serum IL-33 levels remained
unchanged, soluble ST2 was a significant predictor of OS in
HCC [110]. Fibroblast growth factor 19 (FGF19) was sig-
nificantly associated with larger tumor size and higher score
according to the Barcelona Clinic Liver Cancer staging
(BCLC) system. FGF19 can be an effective predictor of early
recurrence and poor prognosis of HCC, which makes it a
potential preventive target for HCC patients [118]. In a study
designed to assess the clinicopathological features associ-
ated with progression and poor differentiation, strong expres-
sion of VEGFR-1 in HCC patient tissues was reported to be
a prognosticator factor for RFS and OS. This study con-
cluded that after curative resections, high expression of
VEGFR-1 in HCC tissues resulted in diminished RFS and
OS [111]. Glypican-3 (GPC3), an oncofetal protein, is over-
expressed in ~84% of HCC tissues, where it was found to be
mainly localized in the cytoplasm. High expression of GPC3
was found to correlate with multiple tumors, high serum
alpha-fetoprotein (AFP) levels, and late TNM stage. High
GPC3 expression was an independent risk factor for both
tumor recurrence and OS in HCC patients who have normal
AFP levels and has been reported to be a prognostic bio-
marker and a good predictor for differing clinical outcomes
for HCC patients [112]. Midkine (MDK) is a heparin-binding
growth factor involved in cell growth and invasion during
HCC progression. MDK levels have been shown to be ele-
vated in patients with early-stage HCC as well as those with
untreated or recurrent HCC. In addition, serum MDK has
better diagnostic performance in the detection of HCC in
AFP negative HCC [113].
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In HCC cell lines from human tissue samples, miR-18b
overexpression has been associated with tumor progression,
metastatic potential and a poor prognosis for HCC. miR-18b
downregulated its target gene trinucleotide repeat containing
6B (TNRC6B) and the decreased TNRC6B expression in
turn promoted the metastatic potential of HCC cells [114]. A
panel of four serum miRNAs (miR-16-2-3p, 92a-3p, 107,
and 3126-5p) were analyzed as potential biomarkers for the
early detection of HCC. Logistic regression analysis identi-
fied three miRNAs (miR-92a-3p, 107, and 3126-5p) to be
significantly changed in early-stage HCC patients. The com-
bination of the 3-miRNA panel and AFP allowed for a better
and more effective way in identifying the early stages of
HCC in low-AFP level patients compared to the healthy
patients [115]. Multiple clinical trials have investigated the
high expression of FGF19, VEGFR-1, GPC3 in HCC patients
as biomarkers to monitor the therapeutic efficacy of targeted
therapies. Other current clinical trials have utilized the use-
fulness of combining biomarkers with AFP for early detec-
tion and therapy surveillance of HCC (clinicaltrials.gov).

Gastric Cancer

Gastric Cancer (GC) represents a global health concern as it
is the fifth most frequently diagnosed cancer and the third
leading cause of cancer-related mortality worldwide
(GLOBOCAN)(gco.iarc.fr) [205]. Characterized as having a
highly aggressive nature, it is often diagnosed at an advanced
stage when the gastric wall tumor invasion and metastasis
have already occurred [206]. The standard treatment for
early-stage GC is endoscopic resection which has fewer
complications and provides a much better life quality for GC
patients compared to partial or total gastrectomy procedures
typically used to treat more advanced stage GC [206].
Biomarker-based stratification of Stage II or IIT GC patients
who could benefit from adjuvant chemotherapy is currently
needed [207]. For example, 5-Fluorouracil (5-Fu) and
Oxaliplatin are commonly used for GC management, how-
ever, the administration of such drugs to all Stage II and III
GC patients is ineffective [208], since many patients relapse
after this initial treatment with acquired resistance to the
5-Fu based chemotherapy [208]. For these reasons, a more
accurate diagnostic method is needed to correctly classify
patients who may be sensitive to 5-Fu chemotherapy and to
provide more effective treatment options. The expression of
cyclin-dependent kinase inhibitor (p21)-activated kinase 6
(PAK6) was reported to correlate with an aggressive pheno-
type in GC patients as well as chemoresistance to 5-Fu che-
motherapy [119]. Chemotherapy score, a support vector
machine (CS-SVM) classifier, is used to distinguish sub-
groups of Stage II and III GC patients [119]. The addition of

Ki-67, thymidylate synthase (TS), cyclooxygenase 2
(COX2), excision repair cross-complementing gene 1
(ERCC1), and P21 to the chemotherapy score has been
reported to effectively identify a small subset of GC patients
that would benefit from 5-Fu chemotherapy [119]. With the
increased understanding of the relationship between bio-
markers and disease, many of these markers have been inves-
tigated as potential therapeutic and monitoring targets in
clinical trials. COX2 inhibition has been used in clinical tri-
als as a therapeutic target as well as to measure treatment
prognosis and response (clinicaltrials.gov). In addition, cur-
rent clinical trials are evaluating Ki-67, TS, ERCC1, and p21
as biomarkers of clinical outcomes and treatment response
for GC (clinicaltrials.gov).

MMPs have been found to be elevated in patients with GC
compared to healthy controls. Urinary levels of MMP-9/
NGAL complex and ADAM12 were significantly elevated in
the GC patients compared with healthy controls [124]. THC
of GC tissues demonstrated significant upregulation of
MMP-9, lipocalin-2, and ADAMI12 expression compared
with adjacent normal tissues [124]. Additionally, urinary kal-
likrein 10 (uKLK10) was significantly elevated in inoperable
GC compared to operable GC patients and uKLK10 levels
were positively associated with tumor stage and GC progres-
sion [123]. Interestingly, both the high urinary levels and
increased pathological expression of KLK10 were associ-
ated with shorter DFS in this study [123].

Urinary trefoil factor 1 (TFF1) and ADAMI12 have been
reported to be independent diagnostic biomarkers for GC as
well. A panel combining TFF1, ADAM12, and Helicobacter
pylori (H. pylori) was reported to significantly distinguish
between healthy controls and GC patients with excellent
accuracy [125]. A similar panel of markers including urinary
miR-6807-5p, miR-6856-5p, and H. pylori indicated excel-
lent accuracy in distinguishing between healthy patients and
Stage I GC patients [126]. ADAMTS-2 is a procollagen
enzyme and a member of the larger ADAMTS family.
ADAMTS-2 expression was higher in GC cells and CAFs
compared to normal gastric tissues and was reported to be
associated with OS [120].

Collagen type XII al chain (COLI2AT) is a member of
the fibril-associated collagen family and has a tumor-
promoting role in human cancer making it a potential prog-
nostic indicator as well as therapeutic targeting candidate.
Elevated expression of COL12A1 levels, through immunore-
activity scoring, has been associated with GC invasiveness,
clinical metastasis and aggressive clinical features [121].

TAMs play a significant role in tumor progression and
angiogenesis. Based on the analysis of infiltrating TAMs in
the stroma and tumor margins, increased CD163+ TAMs
were associated with tumor progression and depth of inva-
sion in GC [122]. Fibroblast activation protein alpha (FAP-a)
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expression has been reported to be upregulated in GC tumor
tissues of patients with adverse clinical-pathological charac-
teristics, diffuse histological subtypes, advanced pathologi-
cal stage and poor survival [119].

Kidney Cancer

Renal cell carcinoma (RCC) is the most common type of
kidney cancer and encompasses several subtypes. The most
common subtype (~70% of cases) is clear cell RCC (ccRCC).
Although the standard of care for ccRCC has improved sig-
nificantly over the past few decades with the emergence of
new treatments [209], there remains a need for biomarkers to
detect RCC, monitor resistance, and predict therapeutic effi-
cacy of these treatments. Several cytokines and angiogenic
factors in the plasma of patients with non-ccRCC have been
identified as potential prognostic markers. Ang-2 is expressed
by the tumor endothelium and has been reported to be ele-
vated in the plasma of patients with advanced RCC com-
pared to those with benign disease [127]. Higher preoperative
plasma levels of Ang-2 were also associated with shorter
DFS [133]. Elevated preoperative levels of Ang-2 and M2
Pyruvate kinase (TuM2PK), a dimeric form of the M2 iso-
form of pyruvate kinase implicated in oncogenesis and over-
expressed in tumor cells, were correlated with increased
tumor size and advanced grade [127], suggesting potential
clinical value for the detection of RCC. Ang-2 is currently
being investigated as a potential biomarker for therapeutic
response in a clinical trial for advanced solid renal tumors
(clinicaltrials.gov).

Several studies have identified biomarkers originating
from the TME as predictors of therapeutic response in kidney
cancer (Table 22.1). Serum Ang-2 and MMP-2 were identi-
fied as relevant baseline biomarkers of Sunitinib activity in
advanced RCC. Lower Ang-2 and higher MMP-2 pretreat-
ment serum levels were significantly associated with thera-
peutic response and are potential baseline efficacy markers
for Sunitinib treatment in advanced RCC [134]. Elevated
serum levels of MMP-9 before BNC105P monotherapy of
patients with ccRCC were associated with improved PFS
[135]. In addition, high plasma levels of IL-8, PDGF-AA,
TGF-a, and VEGFR-2 were independently associated with
reduced OS; whereas high plasma levels of IL-2 receptor
alpha (IL-2Ra) chain, TNF-RI, TNF-RII, and TNF-a were
associated with reduced PFS in addition to OS in RCC [128].
IL-8, IL-9, IL-2Ra, PDGF-AA, TNF-RI and TNF-a were
also associated with poor response to Sunitinib treatment
[128]. TGFs and TNFs are secreted by macrophages and
inflammatory cells in the TME. C-X-C motif chemokine
ligand 10 (CXCL10), a chemokine with known anti-angio-
genic and immune-stimulatory properties, has been shown to

enhance T cell and NK-cell activity, and may be a prognostic
biomarker of RCC. CXCLI0 serum and plasma levels
increased during Sunitinib and Sorafenib treatment, and
higher baseline levels were associated with worse OS and
DES [128, 133]. Another chemokine, CXCL7, is involved in
inflammation and angiogenesis and generates autocrine and
paracrine loops that impact the TME. Metastatic ¢ccRCC
patients with CXCL7 plasma levels above the baseline of
250 ng/ml had significantly longer PES [129], suggesting that
baseline plasma levels of CXCL7 may predict the therapeutic
efficacy of Sunitinib or other anti-angiogenic drugs targeting
the VEGF/VEGEFR axis in RCC. Tissue biomarker carbonic
anhydrase IX (CAIX) is a transmembrane enzyme induced by
hypoxia that has also been proposed to have prognostic value
for RCC. Expression of CAIX in RCC tissue has been
reported to be inversely associated with tumor stage, tumor
grade, and worse DSS, PFS, and OS [130, 131], suggesting
that renal tissue CAIX expression may have prognostic utility
in RCC. Importantly, MMP-2 and MMP-9 as well as IL-6,
IL-2, CAIX, and chemokines have been or are currently being
investigated as biomarkers in clinical trials for response to
treatment for RCC (clinicaltrials.gov).

Microvessel density (MVD) is a commonly used mea-
surement of tumor angiogenesis. High MVD in primary
RCC nephrectomy tissues was significantly associated with
improved OS [132]. High MVD also correlated with lower
prognostic factor Fuhrman grade, clear cell histology, and
absence of necrosis but not with gender, age, sarcomatoid
features, lymphovascular invasion, or tumor size, suggest-
ing high MVD may be indicative of better prognosis of
RCC [132]. MVD is also being explored as a RCC bio-
marker for therapeutic efficacy in ongoing clinical trials
(clinicaltrial.gov).

Brain Cancer

Brain and central nervous system (CNS) cancers are the
tenth leading cause of mortality for adults in the USA and
survival rates decrease with age (www.cancer.nets). The
main brain tumor types are gliomas which include astrocyto-
mas, oligodendrogliomas, brain stem gliomas along with
non-glioma tumors such as meningiomas, primary CNS lym-
phomas, and medulloblastomas [210]. Gliomas are the most
common primary intracranial malignant tumors in adults
with a high recurrence rate [211]. Astrocytomas are diag-
nosed in adults as infiltrating tumors that spread to surround-
ing tissue in the brain and originate from the astrocytes that
form the supportive tissue of the brain [211]. Glioblastoma is
a form of high-grade astrocytoma that arises with no prior
clinical history of precursor neoplasia or abnormal growth of
tissue [212].
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The expression of MMP-2 and MMP-9 has been demon-
strated to correlate with tumor grade of primary and recur-
rent gliomas, making them key players in the progression
and invasiveness of tumors [138, 139]. Overexpression of
membrane-associated MMP-2 correlated with tumor grade
and OS in glioblastoma and astrocytoma compared to nor-
mal brain tissue [140]. Multiplexing MMP-2 and TIMP-1
resulted in a positive correlation between the two proteins
allowing for a stronger prognostic impact [140]. The benefits
of these markers specifically MMP-2 and MMP-9 have been
shown in a number of current clinical trials along with neuro-
imaging to evaluate disease status and therapeutic efficacy
(clinicaltrials.gov).

Amphiregulin (AREG), which stimulates cell growth,
survival, and migration, is upregulated in the serum of
patients with glioma and has been shown to associate with a
worse survival prognosis [141]. Osteopontin (OPN) medi-
ates cancer progression and regulates processes such as
immune response, cell adhesion and migration. OPN levels
have been reported to be higher in tissue, plasma, and serum
in high-grade glioma patients compared to those with low-
grade glioma and is related to OS [136]. Another study has
reported that multiplexing bone morphogenic protein 2
(BMP2), heat shock 70-kDA protein (HSP70) and CXCL10
resulted in better specificity and sensitivity to accurately dis-
tinguish between GBM patients and healthy controls [142].
miRNAs expressed by the TME in glioblastoma have been
shown to be involved in disease progression and may prove
to be important biomarkers of this disease. For example, the
downregulation of the miR-340-5p has been correlated with
the density of TAMs which are associated with poor progno-
sis. Additionally, patients with low miR-340-5p expression,
high CD163, periostin (POSTN), LIBPI and high mobility
group A (HMGA-2) levels were associated with a poor prog-
nosis and shorter OS [137]. In terms of the immunological
markers, GBM patients exhibited, in tissue, a decreased
expression of CD163 and CD70 while CD3 immunoreactiv-
ity increased in tumor cells and blood vessels [143].

To monitor the efficacy of Bevacizumab treatment in
patients with recurrent GBM, a new approach was developed
termed “TME mapping.” This approach consists of multipa-
rametric magnetic resonance imaging (MRI) along with
methods to visualize oxygen metabolism in the TME. TME
mapping allowed for the classification of five different TME
compartments and has been used to monitor the tumor biol-
ogy and treatment efficacy for GBM [213].

Pediatric Cancers

In this section, we will discuss biomarkers for pediatric brain
cancer, neuroblastoma and Wilms’ tumor (Table 22.1) as
they are among the most common pediatric solid tumors.

Brain Cancer

Brain cancer is the most common solid tumor in pediatric
patients with one of the highest mortality rates. The highest
rates of pediatric BC are found in the USA with an incidence
rate of between 1.15 to 5.14 cases per 100,000 children
[214]. We have previously reported the significant upregula-
tion of MMP-2, MMP-9, MMP-9/NGAL complex, and
VEGF in urine of patients with brain tumors. MMP activity
was reduced after surgery, demonstrating that MMPs can be
both diagnostic markers and markers of tumor recurrence.
We confirmed that these proteins originate in the brain tumor
tissues as elevated MMPs were observed in cerebrospinal
fluid (CSF) and brain tumor tissue [145, 215]. Other urinary
biomarkers such as bFGF and TIMP-3 have been reported as
successful diagnostic markers in detecting juvenile pilocytic
astrocytoma (JPA) with high accuracy [146]. MMPs, VEGF,
bFGF, thrombospondin, TNF-«, IL-12 and IL-8 in blood and
urine have been investigated as CNS tumor biomarkers in
clinical trials for radiation therapy (clinicaltrials.gov).
Additionally, neogenin and netrin-1 have been identified as
urinary biomarkers for diffuse intrinsic pontine glioma
(DIPG), a pediatric brain tumor representing a major clinical
challenge [147]. Urinary biomarkers were evaluated in a
pediatric brain tumor consortium (PBTC) clinical trial of
Veliparib and radiation therapy followed by Veliparib and
Temozolomide (TMZ) in DIPG patients. High levels of
netrin-1, bFGF, MMP-3, and TIMP-1 could distinguish
DIPG patients compared to healthy controls [148].
Additionally, in the same study other biomarkers signifi-
cantly predicted survival (MMP-9), progression-free sur-
vival (TIMP-1) and correlation with baseline tumor volume
(MMP-13) [148]. Circulating tumor cells (CTCs) have also
been detected in blood and CSF samples and could be useful
markers for tumor surveillance [144]. CTCs in CSF may be
used to determine tumor staging in both adult and pediatric
brain cancers [216]. Diagnosis of brain cancer is currently
heavily reliant on radiographic studies where sedation is
required for the pediatric population [215]. Therefore, bio-
marker discovery and validation would lead to better diag-
nostic tools as well as a reduction in the use of sedation and
its risks [144, 215].

Neuroblastoma

Neuroblastoma (NB) is the second most common solid tumor
in pediatric patients. One in 100,000 children in the USA is
diagnosed with NB each year (seer.cancer.gov). NB develops
from neural crest cells and is a cancer of the peripheral sym-
pathetic nervous system, typically found within the adrenal
medulla. Therapeutics for NB are currently chosen based on
tumor gene expression, disease stage and age. Therapeutic
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targets include MYCN, anaplastic lymphoma kinase (ALK),
tropomyosin receptor kinase B (TrkB) and disialoganglioside
(GD2), a surface antigen in NB tumor cells [159]. MYCN
oncogene amplification is currently the most powerful prog-
nostic biomarker known in NB. Circulating MYCN concen-
tration in the blood of NB patients has been reported to
decrease after chemotherapy treatment [149]. It has been
reported that there was a significant difference in the TME of
MYCN-amplified (MYCN -A) and non-amplified
(MYCN -NA) NB tumors, differing in the levels of stro-
mal inflammatory cells and immunosuppressive activity
[154]. Importantly, MYCN, ALK, TrkB, and GD2 are cur-
rently being investigated as therapeutic targets in clinical tri-
als for pediatric NB (clinicaltrials.gov). For NB, expression
of two genes USPI7L5 and SLC25A5 in tumor tissues has
been reported to correlate with low OS in patients with an
older diagnostic age [150]. In the same study, expression of
four genes, including POFIB, RND3, KLC4, and SLCI12A1,
was reported to be upregulated in patients with a younger age
at diagnosis and correlated with a higher OS [150]. Plasma
cell-free DNA was found to be a marker of tumor burden
[151] and prognosis in NB [152]. Elevated levels of mRNAs
including tyrosine hydroxylase (TH), PHOX2B, and double-
cortin (DCX) in bone marrow and peripheral blood at diagno-
sis strongly predicted worse event-free survival (EFS) and OS
in patients with Stage 4 NB [153].

MicroRNA from EVs originating from the TME is impor-
tant for tumor cell communication in NB and have the poten-
tial to serve as biomarkers of tumor aggressiveness and
therapy response for NB [154]. Exosomal miRNA expres-
sion has been reported to be a prognostic marker for high-
risk NB patients and correlated with disease aggression. A
3-exosomal miRNA signature (miR-29c, miR-342-3p, let-
7b) was identified that could predict EFS and differentiate
between good and poor responders to induction chemother-
apy for NB [155]. Urinary metabolites, such as catechol-
amines, vanillylmandelic acid (VMA), and homovanillic
acid (HVA), were first recognized as NB biomarkers in the
1970s. At diagnosis, VMA and HVA levels were upregulated
in ~90-95% of NB patients and a low VMA/HVA ratio indi-
cated poor prognosis [156]. Various serum proteins such as
lactate dehydrogenase (LDH), neuron-specific enolase
(NSE), and ferritin were also recognized as biomarkers for
NB. Serum NSE has been reported to be a useful marker for
advanced NB, wherein elevated NSE levels were associated
with a poor outcome in patients and returned to normal after
therapy [158]. NB tumor burden has been estimated by track-
ing serum LDH levels in patients [156]. For NB patients
>18 months of age with metastatic disease, serum LDH and
ferritin levels have been shown to be significant predictors of
EFS and OS [157]. Ferritin is a useful prognostic biomarker
for NB since tumor cells express glycosylated ferritin,

whereas healthy cells secrete non-glycosylated ferritin.
Serum ferritin has been reported to distinguish between NB
disease stages with significantly higher levels present in
Stage IV (metastases to bone) patients compared to Stage
IVS (metastases to liver, skin, or bone marrow but not to
bone) NB patients [156]. LDH and ferritin have both been
studied in clinical trials as pediatric NB biomarkers for pre-
dicting treatment success (clinicaltrials.gov).

Wilms’ Tumor

Wilms’ tumor (WT) is the fourth most common pediatric
cancer [217]. Renal tumors afflict 600 pediatric patients per
year in the USA, and ~90% of these patients have WT [218].
Long-term survival rates for WT are over 90%, however,
~50% of patients who relapse ultimately die from this dis-
ease. With more effective prognostic biomarkers, the identi-
fication of patients who have a greater chance of relapse
would facilitate earlier and perhaps more aggressive treat-
ment as would the identification of patients with a greater
chance of survival who might be treated with less aggressive
treatment with lower morbidity [218]. Multiple studies have
linked the gain of chromosome 1q to worse EFS and OS in
tumor subsets of patients with intermediate-risk localized
disease or non-anaplastic localized disease making this a
good prognostic biomarker for WT [160, 161]. Additionally,
gain of 1q was significantly correlated with an increased risk
of recurrence in WT with absence of anaplasia, i.e., favor-
able histology WT [162]. Loss of chromosome 14q was also
found to be related to worse EFS in WT [160]. 11p15 loss of
heterozygosity and WT1 mutation were both significantly
related to relapse in very low-risk Wilms tumors weighing
<550 gm and were classified as Stage I favorable histology
WTs in children younger than 24 months of age (patients
who do not undergo chemotherapy). All patients with the
WT1 mutation also had 11p15 loss of heterozygosity [163].
A correlation has been noted between tumor progression and
prognosis and IL-6 and signal transducer and activator of
transcription 3 (STAT3) expression in WT [164]. IL-6 and
STAT3 were reported to be upregulated in invasive and meta-
static WT compared to non-invasive and non-metastatic
WT. IL-6 expression was correlated with DFS and OS,
whereas STAT3 was correlated with DFS alone [164].
Prohibitin (PHB), a protein that regulates cellular prolifera-
tion has been reported to be a predictive marker for tumor
stage in WT. Urinary PHB levels were significantly upregu-
lated in patients with recurrent disease and might therefore
serve as a WT marker. PHB might also serve as an important
biomarker of drug resistance given that the overexpression of
PHB limited mitochondrial apoptosis and led to resistance to
certain chemotherapy drugs [165].


http://clinicaltrials.gov
http://clinicaltrials.gov

394

R.Roy et al.

Concluding Remarks/Summary

The studies reviewed above highlight the importance of the
TME as a rich source of viable biomarkers for a wide variety
of human cancers and support a renewed effort to exploit this
important tumor component as a potentially powerful ther-
anostic target.
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