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Abstract Immuno-therapy has begun to revolutionize
cancer treatment. However, despite the significant progress
achieved in regard to the duration of clinical benefits, a sub-
stantial number of patients do not respond to these therapies.
To improve the outcome of patients receiving immuno-ther-
apy, there is a need for novel biomarkers that can predict
and monitor treatment. Tumor microenvironment alterations,
more specifically the state of chronic inflammation and des-
moplasia (tumor fibrosis), are important factors to consider
in this context. Here, we discuss the potential for quantifi-
cation of altered tissue turnover in a liquid biopsy as a pro-
posed precision medicine tool to assess chronic inflamma-
tion and desmoplasia in the immuno-oncology (I0) setting.
We highlight the need for novel non-invasive biomarkers in
IO and the importance of addressing tumor microenviron-
ment alterations. We focus on desmoplasia and extracellular
matrix (ECM) remodeling, and how the composition of the
ECM defines T-cell permissiveness in the tumor microen-
vironment and opens up the possibility for associated liquid
biopsy biomarkers. Moreover, we address the importance
of the assessment of chronic inflammation, primarily mac-
rophage activity, in a liquid biopsy.
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Abbreviations

ANGPT2 Angiopoietin 2

AS Ankylosing spondylitis
BM Basement membrane
B-RAF Proto-oncogene B-Raf

CAF Cancer-associated fibroblast
CD Crohn’s disease

CDx Companion diagnostic

CTC Circulating tumor cell

ctDNA Circulating tumor DNA

Dt-GCT  Diffuse-type giant cell tumor

ECM Extracellular matrix

FAK Focal adhesion kinase

FGFR Fibroblast growth factor receptor

GrzB Granzyme B

10 Immuno-oncology

IPF Idiopathic pulmonary fibrosis

LOX Lysyl oxidase

mCRC Metastatic colorectal cancer

miRNA  MicroRNA

MMP Matrix metalloprotease

NSCLC  Non-small cell lung cancer

PAD Peptidylarginine deiminase

PDAC Pancreas ductal adenocarcinoma

PRO-C3  Pro-peptide of type III collagen formation
PTM Post-translational modification

RA Rheumatoid arthritis

SCLC Small cell lung cancer

SHH Sonic hedgehog

SRC Proto-oncogene tyrosine-protein kinase Src
TAM Tumor-associated macrophage

VEGFR  Vascular endothelial growth factor receptor
VICM MMP-degraded and citrullinated vimentin
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Introduction

While chemo- and targeted therapies have prevailed in
cancer treatment for several decades, immuno-therapy
has begun to revolutionize the field, and cancer patients
may benefit from durable long-term responses. However,
despite the substantially extended clinical benefit expe-
rienced by some patients, a large percentage of patients
included in clinical trials do not respond to this type of
treatment. This is the case, even though precision medicine
serves to guide selection of an appropriate patient popula-
tion with a higher likelihood of success [1].

The limitations to patient selection for immuno-oncol-
ogy (I0) therapies were indicated by reported response
rates ranging from 23 to 67% in clinical trials with non-
small cell lung cancer (NSCLC) patients, where anti-PD-1
or anti-PD-L1 antibodies were used with a PD-L.1 compan-
ion diagnostic (CDx) as a precision medicine tool [2—4].
One limiting factor for the ability to use PD-L1 expression
to predict treatment response is that PD-L1 is currently
based on immunohistochemistry, of which clinical accu-
racy is often compromised by tumor heterogeneity and
dynamic changes [5, 6].

The development of reliable CDx tests for immuno-ther-
apies and IO has been complicated further by the fact that
treatment response is not driven by specific driver mutations
(as most currently available CDx for targeted therapies),
but rather relies on complex interactions between tumor
cells and the immune system [7]. This entails a need for
biomarkers reflecting tumor microenvironment alterations
and requires both protein and cell-based assays. Interest-
ingly, serum levels of angiopoietin 2 (ANGPT2), a protein
related to angiogenesis in immune regulation, have recently
been tested as a predictive and prognostic biomarker for
immuno-therapy in patients with advanced melanoma;
here, high pre-treatment ANGPT?2 concentrations and early
increases in serum ANGPT2 were associated with reduced
response rates [8]. Several other potential blood-based bio-
markers (liquid biopsies) are being investigated. Most of
these focus on circulating tumor cells (CTC) and immune
cells, soluble checkpoint molecules, free nucleic acids, and
exosomes. Examples of liquid biopsy biomarkers in devel-
opment are shown in Table 1. Combined, these examples
emphasize the precedence that measurement of biomarkers
in a liquid biopsy may provide a novel assessment of altera-
tions in the dynamic tumor microenvironment relevant for
the IO setting.

Table 1 Examples of the immuno-oncology relevant liquid biopsy biomarkers currently being investigated

Biomarker Description

Suggested indication (example)

PD-L1 Checkpoint molecule on CTCs
PD-1 Checkpoint molecule on T-cells
sPD-L1 Secreted soluble splice-variants of PD-L1
ANGPT2 Expressed at sites of vascular remodeling
ctDNA Cell-free circulating DNA released from the tumor
miRNA
target genes
Exosomes

PD-L1(+) CTCs at baseline were associated with poor outcome in
NSCLC patients receiving checkpoint inhibitor therapy. Patients
with PD-L1(—) CTCs at 6 month follow-up all obtained clinical
benefit, whereas patients with PD-L1(+) CTCs all progressed [92]

Only PD-1(+), not PD-1(-), circulating T-cells effectively targeted
melanoma patient-specific neoantigens (recognized autologous
tumors) [93]

High pre-treatment levels of sPD-L1 were associated with increased
likelihood of progressive disease in melanoma patients treated with
checkpoint inhibitors. Changes in sPD-L1 early after treatment were
not able to distinguish responders from non-responders [94]

High pre-treatment levels of ANGPT?2 and early increases associates
with reduced response rate in melanoma patients receiving check-
point inhibitors [8]

ctDNA (e.g., B-RAF) was detected in plasma of metastatic melanoma
patients prior to checkpoint inhibitor treatment. Lower baseline
levels were associated with response to treatment. Levels did not
decrease as a function of response [95]

Small single-stranded RNA. Regulate transcription levels of High levels of specific miRNA molecules (miR-6826 and miR-6875)

were associated with poor prognosis in mCRC patients receiving
cancer vaccine (cocktail of five therapeutic epitope peptides) [96]

Cell derived vesicles released from tumor and immune cells Exosomes derived from dendritic cells were isolated from patients

with metastatic melanoma treated with checkpoint inhibitor. A
significant increase of CD86+ exosomes occurred compared to
baseline [97]

ANGPT?2 angiopoietin 2, B-RAF proto-oncogene B-raf, CTC circulating tumor cell, ctzDNA circulating tumor DNA, mCRC metastatic colorectal

cancer, miRNA microRNA, NSCLC non-small cell lung cancer
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Important influencers on the dynamic changes in the
tumor microenvironment are the states of chronic inflamma-
tion and desmoplasia (tumor fibrosis). As shown in Fig. 1, in
the homeostatic state of a (healthy) tissue, anti-tumorigenic
immuno-surveillance and balanced tissue turnover are pre-
dominant. In contrast, pro-tumorigenic chronic inflamma-
tion and desmoplasia pre-dominate in the tumor microenvi-
ronment. The dominant leukocyte population found in the
tumor microenvironment is tumor-associated macrophages
(TAMs), which are key mediators maintaining the chronic
inflammatory process and avoidance of immune destruction.
Cancer-associated fibroblasts (CAFs) also accumulate in the
tumor and contribute to a dense and fibrous connective tissue
consequent to overproduction and remodeling (cross-linking
and degradation) of the extracellular matrix (ECM) leading
to desmoplasia.

Interestingly, an emerging concept even suggests that
cancer is promoted by a sequence of events that include
chronic inflammation and desmoplasia with associated
changes in the tumor microenvironment that both supports
the transition of normal cells to cancer cells, as well as the
ongoing proliferation, differentiation, and invasion of can-
cer cells leading to tumor growth [9]. Chronic inflamma-
tion is increasingly recognized as a driving factor in a vari-
ety of cancers and in general, the longer the inflammation
persists, the higher the risk of cancer [10]. Desmoplasia,
which is defined by a dense and fibrous connective tissue,

Homeostasis

results from overproduction and remodeling of ECM, and
is often associated with invasive cancer [11]. The ECM is a
three-dimensional protein-structure that encapsulates cells
and provides support for tissues and regulates tissue homeo-
stasis. The ECM can be divided into the interstitial matrix
and the basement membrane (BM). The interstitial matrix
primarily surrounds stromal cells and forms the connective
tissue. The BM is a specialized layer of ECM that divides
epithelial and endothelial cells from the underlying stroma.
It is well established that activated CAFs accumulate in the
tumor tissue during cancer and drive an increased deposi-
tion, and post-translational modifications (PTMs), of the
ECM [11]. This ultimately generates a microenvironment
with increased ECM density and stiffness (desmoplasia). For
example, it has been shown that whereas the expression of
type I collagen and type III collagen (the two major compo-
nents of the interstitial ECM) was relatively weak in benign
tissue, it was increased in the malignant counterpart [12]. In
line with this, lessons learned from fibrotic diseases indicate
that interstitial ECM remodeling is associated with disease
progression. A study of idiopathic pulmonary fibrosis (IPF)
using non-invasive biomarkers of ECM remodeling was able
to identify patients with IPF and also associate the rate of
change in these ECM protein fragments with disease wors-
ening and poor survival [13]. This example highlights the
biomarker potential of quantifying ECM remodeling (non-
invasively) in diseases with ECM remodeling as a common
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Fig. 1 Tumor microenvironment, and the normal homeostatic
microenvironment, at a glance, with focus on chronic inflammation
and desmoplasia (tumor fibrosis) in relation to tumor progression.
The states of chronic inflammation and desmoplasia are important
influencers on dynamic changes in the tumor microenvironment
that directly affect tumorgenesis. In the homeostatic state, anti-
tumorigenic immuno-surveillance and homeostatic ECM remod-
eling (ECMR) are predominant. In contrast, pro-tumorigenic chronic
inflammation and desmoplasia pre-dominate in the tumor micro-
environment. Desmoplasia, which is defined by a dense and fibrous
connective tissue mediated by activated cancer-associated fibroblasts

Pro-tumorgenic

Chronic inflammation
Altered ECMR/desmoplasia

(CAFs), is the result of overproduction and remodeling (cross-link-
ing, degradation) of the ECM. The dominant leukocyte population
found in the tumor microenvironment is tumor-associated mac-
rophages (TAMs), which are key mediators maintaining the chronic
inflammatory process and avoidance of immune destruction—an
essential part of tumorgenesis. Moreover, TAMs contribute to tumor-
genesis by participating in ECM remodeling/degradation induced by
the secretion of matrix metalloproteases (MMPs) and by inhibiting
anti-tumor immune surveillance through release of various immune-
mediators
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denominator (fibrosis and cancer), as previously described
by Karsdal et al. [14]. Here, we focus on the importance and
relevance of quantifying desmoplasia and chronic inflamma-
tion in the tumor microenvironment, in a liquid biopsy, in
relation to the IO setting.

The tumor microenvironment

The tumor microenvironment plays an essential role in
cancer development and progression, thereby contributing,
directly or indirectly, to the acquisition of the hallmarks of
cancer [15]. The tumor microenvironment consists of cancer
cells and the surrounding stroma comprising various (non-
malignant) cell types [16]. All the various cells interact with
the ECM and other extracellular molecules such as secreted
proteins, growth factors, and different kinds of enzymes.
Emerging evidence suggests that the altered tumor tissue
architecture, i.e., the composition and quality of the tumor
microenvironment (stroma)—is a significant part of the core
of carcinogenesis. For instance, findings indicate that when
given the right signals from the tumor microenvironment,
cancer cells (tumors) can enter/maintain a quiescent state,
as observed after normal embryogenesis and development,
also known as cancer dormancy [17]. In line with this, many
in situ cancers never progress into an invasive phenotype,
an observation referred to as “cancer without disease” [18].
Lessons learned from breast cancer indicate that the
stroma rather than the epithelium is the actual target of a
carcinogenic stimulus. For instance, it has been shown that
when transplanting mammary epithelial cells into rodents
exposed to either a carcinogen or vehicle, the mammary
epithelial cells transformed into a neoplastic phenotype
only when the rodents (the stroma) were exposed to the car-
cinogen [19]. Furthermore, when transplanting mammary
epithelial cells into the mammary glands of irradiated mice,
tumors developed faster and grew larger, compared to non-
irradiated mice, suggesting that the radiation has effects on
the stroma and can facilitate the neoplastic transformation
[20]. It has also been shown that mammary epithelial cells
exposed to carcinogenic stimuli were able to form pheno-
typically normal acini when introduced into the stroma of
healthy rats [21]. Weaver et al. reached similar conclusions
through the HMT-3522 breast cancer series, showing that it
is possible to repress the tumorigenic phenotype of breast
cancer by modulating the ECM and its receptors [22]. Taken
together, these examples suggest that cancer is a dynamic
and adaptive phenomenon taking place at the tissue level,
emphasizing i) that cancer progression requires a tumor-
growth permissive microenvironment and ii) that the micro-
environment/stroma may play an important role in restrain-
ing cancer, as has also been excellently reviewed by Bissell
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and Hines [23]. The composition of the ECM is increasingly
recognized as a major component in this context.

ECM remodeling and desmoplasia—an important
component in cancer

Under normal conditions, damage to healthy tissue activates
mechanisms that repair the affected tissue. If the damaging
insult is chronic, this can lead to the onset of tissue fibro-
sis through persistent activation of fibroblasts [24]. Thus,
whereas the ECM is maintained in a delicate equilibrium
between protein formation, degradation, and post-transla-
tional modifications (PTMs) in healthy tissue, this balance
is altered as part of chronic insult (e.g., tumorgenesis) in
the tissue. Ultimately, when the ECM fails to maintain the
homeostatic state, there is a loss of epithelial polarity lead-
ing to uncontrolled cell growth associated with malignancy
[25-27]. Although fibroblasts are the primary cells produc-
ing ECM, if given the right signals, all cell types are able to
synthesize and secrete ECM molecules and hereby contrib-
ute to desmoplasia [28].

In addition to increased ECM protein expression, altered
ECM degradation is present consequent to the change in
overall proteolytic activity found in cancer [29]. The matrix
metalloproteases (MMPs) are the primary proteases involved
in degradation of the ECM [30]. The MMPs are secreted
from either the cancer cells or cells of the tumor micro-
environment such as TAMs and may contribute further to
the complexity of desmoplasia by affecting ECM homeosta-
sis. As such, MMPs have both tumor promoting and tumor
suppressing roles [31]. Most likely, the individual role as
a tumor-suppressor or tumor-promoter is dependent on the
total picture of proteases, their substrates, and the degrada-
tion products. Moreover, the presence of protease inhibitors
is important, and whereas the total protease inhibitor con-
centration exceeds the concentration of MMPs in healthy
tissue, the balance is shifted in cancer [32, 33].

The stiffness of the ECM is altered in the tumor tissue,
as well. This is due to the presence of lysyl oxidase (LOX)
that cross-links collagens and elastin which again promotes
migration, invasion, and metastasis of cancer cells [34, 35].
Although the precise mechanism by which LOX promotes
cancer invasions and metastasis still remains unclear, it has
been shown to involve integrin signaling and the focal adhe-
sion kinase (FAK)/SRC-signaling pathway [36].

Desmoplasia can be observed in most solid tumors but
has been highly associated with pancreatic ductal adenocar-
cinomas (PDAC) which are some of the most stroma-rich
cancers [37]. Desmoplasia has been found in both primary
tumors and metastatic sites in tissues isolated from PDAC
patients, and patients with most desmoplasia (defined by
the type I collagen content) had poorer overall survival,



Cancer Immunol Immunother (2018) 67:1-12

suggesting that desmoplasia is a prognostic factor supporting
tumorgenesis [38]. However, desmoplasia is also involved
in restraining tumorgenesis. Rhim et al. have shown that
when deleting the sonic hedgehog (SHH) protein in a PDAC
mouse model, the stromal content was reduced compared
to control mice [39]. Surprisingly, however, the mice with
deleted SHH had much more aggressive tumors. Similar
findings were obtained by Ozdemir et al, showing that the
depletion of cancer-associated fibroblasts (CAFs) in mice
led to much more aggressive tumors [40]. These findings
highlight that the ECM architecture and composition in the
tumor microenvironment possesses complex and opposing
roles in tumorgenesis and highlights the need for further
understanding the desmoplastic reaction.

Assessment of desmoplasia and excessive ECM
formation in a liquid biopsy

Consequent to the importance of desmoplasia, tools to meas-
ure and quantify the desmoplastic reaction are needed. The
hallmark of desmoplasia is excessive ECM formation, and
different technologies exist for assessing ECM formation.
So far, the most widely used way of measuring desmopla-
sia in the tumor has been by use of tumor tissue biopsies
followed by immunohistochemical staining of ECM com-
ponents, mainly the interstitial ECM proteins of type I and
type III collagen. An intrinsic problem with this approach
is related to the invasive nature of a biopsy that may cause
complications for patients in addition to the problems asso-
ciated with sampling error, observer variability, and tumor
heterogeneity [5, 6].

It is well established that non-invasive biomarkers are
preferred over biomarkers assessed by invasive techniques,
such as biopsies [41]. Consequently, there has been increas-
ing attention in measuring ECM-associated biomarkers in a
liquid biopsy (blood) [42]. While type I collagen is the most
abundant interstitial ECM protein, it is also highly associ-
ated with bone-turnover and bone-metastasis. In contrast,
type III collagen is more related to soft tissue ECM, and type
III collagen formation has also been described to dominate
in the early phases of the wound healing response and hence
possibly more associated with desmoplasia/fibrosis [42].

Type III collagen formation biomarkers such as PIIINP
and Pro-C3 can be used to assess excessive ECM (type III
collagen) formation in a liquid biopsy. Both assays target the
pro-peptide that is released during collagen formation and
maturation and hereby intrinsically reflect excessive ECM
formation, which is the major component of desmoplasia.
PIIINP is a widely used marker for liver fibrosis and has been
found to have prognostic potential when assessed in a lig-
uid biopsy from ovarian and colorectal cancer patients, both
cancer types that are characterized by strong desmoplastic

reactions [43, 44]. Pro-C3 was also originally developed
for fibrotic disorders, and has been shown to reflect stage
and progression of disease [45, 46]. The Pro-C3 assay dif-
fers from PIIINP in that it targets the actual cleavage site
of the type III collagen pro-peptide [47]. As removal of the
pro-peptide is sometimes incomplete, Pro-C3 may be more
indicative of true type III collagen formation, in contrast
to PIIINP that may reflect both formation and degradation.

Pro-C3 was recently shown to be related to severity of
disease and has the ability to predict outcome in the oncol-
ogy setting. A study of colorectal cancer patients showed
that Pro-C3 was able to differentiate between colorectal
cancer patients, subjects with adenomas and controls, and
that Pro-C3 was significantly elevated in metastatic (stage
IV) patients when compared to earlier stages (stages I-I1I)
[48]. The latter findings may be explained by a resemblance
between the collagen deposition process observed during the
development of fibrosis and development of a pre-metastatic
niche [24]. The association between Pro-C3 and outcome
was found in a clinical trial of second-line hormone recep-
tor-positive metastatic breast cancer, where elevated levels
of Pro-C3 were associated with shorter time to progression
and overall survival [49].

Altogether, these results suggest that type III collagen
pro-peptides assessed in a liquid biopsy reflect desmoplasia
(excessive ECM formation) and can be used to assess tumor
activity/invasiveness as well as to identify patients with poor
prognosis and response to treatment. We hypothesize that
such liquid biopsies may be applied as a precision medicine
tool and CDx for predicting and monitoring efficacy of inter-
vention. This may be highly relevant for IO where the ECM
composition is emerging as a key component, as discussed
in more detail in the following section.

The composition of the ECM in defining T-cell
permissiveness in the tumor microenvironment

Analysis of the tumor microenvironment in patients with
a variety of solid tumors has revealed that patients can
be divided into phenotypes based on T-cell infiltration:
tumors with T-cell infiltration and tumors without T-cell
infiltration [50]. Interestingly, it has been shown that
the architecture of the ECM defines both the preferen-
tial localization and migration of T-cells into the stroma
of human tumors. IO therapies (such as anti-PD1/PD-L1
T-cell checkpoint inhibitors) are being studied in multiple
cancer types and with a medical need for selecting the
right patients to treat. One striking characteristic of effi-
cient IO therapies such as checkpoint inhibitors is that the
T-cells are actually recruited to the tumor [51]. That is, if
T-cells are not homing to the tumor, treatment will have a
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poor effect. Therefore, it is important to identify patients
with a T-cell permissive (eligible for T-cell trafficking)
tumor microenvironment.

Evidence from lung cancer shows that T-cells prefera-
bly accumulate in the tumor stromal regions characterized
by a relatively loose network of collagen and fibronectin,
whereas tumor stromal regions exhibiting a dense ECM
network were nearly devoid of T-cells [52]. To investigate
further whether a dense ECM surrounding the tumor was
responsible for the poor ability of T-cells to reach the can-
cer cells, human lung tumor slices were treated with col-
lagenase. This treatment resulted in a marked decrease in
stromal collagen content and while no alterations in tumor
architecture were detected as such, a twofold increase in
the number of T-cells was observed in stromal regions
immediately adjacent to the cancer cells.

The ECM architecture in relation to permissiveness/
resistance to infiltration by adoptively transferred T-cells
has also been investigated [53]. Lung cancer metastases
with a T-cell permissive environment were compared to
lung cancer metastases with a T-cell resistant environ-
ment in relation to the ECM content (presence of col-
lagen, laminin and fibronectin). Here, the ECM content
in the T-cell permissive tumors was similar to the normal
lung tissue, whereas the ECM content was much lower
in T-cell resistant tumors. This indicates that when the
ECM becomes too compromised, it affects recruitment
of T-cells to the tumor as well. Importantly, this study
differs from the above-mentioned study, in that they do
not see any particular dense ECM as compared to normal
lung tissue and highlights that a certain density of the
ECM may be preferable for T-cell infiltration. In line with
this, Peranzoni et al. have suggested that the ability of
T-cells to mount an anti-tumor response is dependent on
the structure of the ECM, more precisely on the balance
between pro-migratory fiber networks and unfavorable
migration zones composed of dense ECM structures (des-
moplasia) [54]. Taken together, these findings indicate
that the presence and composition of the ECM in tumors
clearly affect the migratory behavior of T-cells as well
as their ability to reach and attack the cancer cells, with
a dense (desmoplastic) ECM preventing the T-cells from
reaching the tumor cells.

As the desmoplastic reaction seems to be associated
with T-cell permissiveness, patients with a high level of
desmoplasia would be benefitting the least from check-
point inhibitors. Hence, it is important to identify such
patients and it could be relevant to evaluate levels of type
III collagen for predicting (lack of) response to IO thera-
pies by reflecting a desmoplastic and non-T-cell inflamed
tumor microenvironment.
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Modifying the ECM to improve T-cell infiltration
into the tumor and possibility for associated
biomarkers

Several ECM modifying drugs are currently being inves-
tigated as possible interventions for modulating the tumor
microenvironment to increase the T-cell permissiveness.
As an example, it has been shown in mice with PDAC and
hyper-activated FAK, that when treated with a FAK-inhib-
itor, the mice were not only presented with reduced des-
moplasia (as seen by both decreased collagen deposition
and reduced numbers of activated fibroblasts), but also
became responsive to anti-PD-1 therapy [55]. Moreover,
FAK activity was also elevated in human PDAC tissues
and correlated with high levels of desmoplasia and poor
T-cell infiltration. These findings suggest that FAK inhi-
bition increases T-cell permissiveness in PDAC by over-
coming the desmoplastic (and immuno-suppressive) tumor
microenvironment and hereby renders tumors responsive
to checkpoint inhibitors. Interestingly, it has also been
shown that T-cells which were engineered to express hep-
aranase had improved ability to degrade the ECM and
also possessed greater tumor infiltration potential and
anti-tumor activity in a xenograft model [56]. Thus, by
engineering T-cells to modify the ECM and overcome
the desmoplastic barrier, T-cell infiltration was obtained.
Interestingly, ECM modifying drugs may not only act by
overcoming the desmoplastic barrier but may also induce
various immune modulations in the tumor microenviron-
ment that affects the response to checkpoint inhibitors
and other immuno-therapeutic compounds. For instance,
it has been shown in syngenic mouse models with colon
and melanoma cancer that the treatment with lenvatinib
(an anti-VEGFR/FGFR dual inhibitor) in combination
with checkpoint inhibitor therapy had a significant inhibi-
tory effect on tumor growth compared to the individual
treatments alone, and this associated with reductions in
TAMs, up-regulation of IFN signaling related genes, and
an increased ratio of memory T-cells in the tumor [57].
Common for most ECM modifying drugs is that patients
with a high level of desmoplasia would benefit the most
from such treatments. Hence, it is important to identify these
patients. Biomarkers intrinsically measuring excessive ECM
formation (desmoplasia) could fulfill the criteria for iden-
tifying patients most likely to have desmoplastic tumors
and hence those benefiting the most from ECM modifying
drugs in combination with immuno-therapy as well as other
therapies. By combining the existing CDx biomarkers for
targeted therapy (e.g., based on target gene profiling) with,
e.g., PD-L1 for checkpoint inhibitors and biomarkers of des-
moplasia, it might be possible to identify patient-subgroups
that will benefit the most from various combinatorial therapy
approaches. This concept is illustrated graphically in Fig. 2.
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Checkpoint Inhibitor ECM modifying drug

ECM modifying drug

Fig. 2 Proposed decision-tree for patient-subgrouping based on mul-
tiple biomarker assessments for combinatorial treatment approaches.
Given the fact that cancer progression is driven by complex interac-
tions between tumor cells, the stroma and the immune system, com-
binatorial therapy approaches may be needed. This illustration shows
how performing companion diagnostic tests of given available treat-
ments simultaneously helps to identify the patient-subgroups that
have the highest likelihood of benefitting from each available therapy
combination. In the depicted scenario, patients are initially divided

ECM degradation fragments measured in a liquid
biopsy as novel biomarkers for immuno-oncology

Interestingly, it has been shown that specific protease-
derived ECM fragments from proteins, such as type I col-
lagen, type IV collagen, elastin, fibronectin, laminin and
nidogen (amongst others), promote recruitment of immune
cells through chemotactic properties [58]. This indicates
that ECM degradation products may also reflect a specific
inflammatory phenotype, and hence have the capacity to
identify which patients will benefit the most from immuno-
therapeutic modalities. We have previously seen that specific
ECM protein degradation fragments are elevated in a liquid
biopsy from patients with various solid tumors [59-62] and
are associated with increased risk of developing cancer [63]
as well as poor outcome [49]. However, whether these ECM
degradation fragments have similar chemotactic properties
as the above-mentioned example or whether they are asso-
ciated with an inflammatory/T-cell permissive phenotype
in cancer remains to be established. Supporting their asso-
ciation with an inflammatory phenotype are the numerous
findings of the same markers elevated in diseases associated
with chronic inflammation and fibrosis [64—72].

The above-mentioned ECM degradation fragments are
primarily generated by specific MMPs. Possibly, different
protease profiles may dominate individual tumors or tumor
types, and in combination with different signature proteins
from the diseased tissue, this may provide optimal speci-
ficity and sensitivity for future protein-based liquid biopsy
biomarker development [73]. Moreover, combining specific
post-translational modifications, such as cross-linking or cit-
rullination, to the proteolytic cleavage site has the potential

Checkpoint Inhibitor ECM modifying drug

ECM modifying drug

according to eligibility of targeted therapy based on gene testing.
Patients are then sub-divided according to the need for combin-
ing treatments with immuno-therapy (checkpoint inhibitors), based
on a test for the expression of PD-L1. Finally, patients are tested for
Pro-C3 to assess ongoing desmoplasia and identify patients with the
potential need for modifications to the extracellular matrix (ECM),
hereby reducing desmoplasia and increase likelihood of response to
the given interventions

to increase the specificity for a pathological event further
[74] and hereby reflect more specifically a given inflam-
matory phenotype. Interestingly, a paper was recently pub-
lished showing that the T-cell specific protease granzyme
B (GrzB) promoted T-cell transmigration from the blood
to the tissue via remodeling (degradation) of the vascular
basement membrane [75]. In this study, it was shown that
GrzB contributed to T-cell extravasation and homing in vivo
by degradation of specific ECM proteins, including type IV
collagen, laminin, and nidogen-2. From this, a hypothesis
could be formulated that measuring GrzB degraded ECM
in a liquid biopsy would predict which patients had ongoing
T-cell recruitment to their tumor (hence a T-cell permissive
tumor microenvironment), and, therefore, would be most
likely to benefit from immuno-therapies.

Tumors as chronically inflamed tissues
and the importance of TAMs

The first observation that cancer seemed to develop at sites
of previous chronic inflammation was proposed in 1863 by
Rudolf Virchow [76]. The chronic inflammation is mediated
both by the presence of innate and adaptive immune cells
[50] and avoiding immune destruction is an essential part
of tumorgenesis [77]. This can be accomplished by direct
changes in the tumor cells themselves (e.g., by loss of tumor
antigens), and/or by induction of an immuno-suppressive
environment [78, 79]. Recently, it has become evident that
both cancer cells and other cell types of the tumor microen-
vironment are able to modulate the immune cells and hereby
contribute to tumor progression [80].
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Tumor-associated macrophages (TAMs) are the domi-
nant leukocyte population found in the tumor microenviron-
ment where they are key mediators maintaining the chronic
inflammatory process in the tumor [81]. Furthermore, TAMs
and other myeloid cells are universally found in the tumor
microenvironment and can contribute to immune evasion
[50]. TAMs contribute to tumorgenesis by participating in
ECM remodeling/degradation induced by the secretion of
MMPs and by inhibiting the anti-tumor immune surveillance
through release of various immune-mediators.

Due to the overall pro-tumorigenic effect of TAMs, prom-
ising anti-TAM therapies are emerging for the treatment
of cancer. Cytokines such as the granulocyte maturation
colony-stimulating factor (GM-CSF) and macrophage col-
ony-stimulating factor (M-CSF), and their receptors, which
both contribute to the maturation of monocytes into TAMs,
have been suggested as promising targets. For instance, by
treating cancer patients with various solid tumors with an
antibody against the CSF-1 receptor (RG7155). In all ana-
lyzed patients the treatment induced a significant reduction
of TAMs in the on-treatment tumor biopsies compared to
matched biopsies taken prior to treatment [82]. Moreover,
in patients with diffuse-type giant cell tumor (Dt-GCT), a
neoplastic disorder characterized by CSF-1 overexpression,
RG7155 treatment provided significant clinical benefits [82].
This highlights both that TAMs are attractive targets in can-
cer and that quantification of macrophage activity in patients
is an important parameter.

Assessment of chronic inflammation
and macrophage activity in a liquid biopsy

Consequent to the important role of TAMs in relation to
chronic inflammation in the tumor microenvironment and
anti-TAM modalities, the quantification of macrophage
activity in patients becomes important. Vimentin is secreted
by activated macrophages [83] making it a target for MMP
degradation and modification by the peptidylarginine deimi-
nase (PAD) enzymes that are responsible for the citrullina-
tion process associated with chronic inflammation [84]. In
perfect alignment with these observations, a recent study
showed that MMP-degraded and citrullinated vimentin
(VICM) was detectable in supernatant from activated mac-
rophages [85].

The VICM biomarker assay was developed by Vassiliadis
et al. [86], and initially evaluated in liver fibrosis-related
pathology where chronic inflammation is a hallmark of dis-
ease. VICM has also been found significantly elevated in
serum from patients with RA, AS, and CD—all diseases
that share the involvement of macrophages and where
citrullinated vimentin is part of the pathogenesis [64, 87,
88]. VICM has been shown to be highly associated with
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lung cancer and was found elevated in all stages of the dis-
ease, and especially high in the non-small cell lung can-
cer (NSCLC) subtype compared to small cell lung cancer
(SCLC) and other cancer types investigated [61]. In line with
this, vimentin has been shown to be applicable for clinical
pathology in pulmonary sarcomatoid carcinoma, a subtype
of NSCLC [89]. In addition, the increasing evidence that
tobacco smoke exposure induces inflammatory and muta-
genic effects in the lungs that promote a pro-cancer immune
response prompts us to consider the observed distinctively
high level of VICM in NSCLC as an indication that VICM
reflects inflammation [90]. Recent findings showing that
VICM was released from ex vivo culture of human colorec-
tal cancer tissue suggest that immune dysregulation plays an
important role in the pathogenesis of this malignant disease
as well [91].

Recently, in a large prospective study of nearly 6000 post-
menopausal women, VICM was found to be elevated prior
to the diagnosis of cancer and predicted an increased risk
of being diagnosed with cancer within the first year from
baseline [63]. In line with this is the previously presented
concept suggesting that inflammatory conditions and altered
tissue turnover are present before a malignant change occur
[9].

Taken together, VICM may reflect an inflammatory
phenotype and altered macrophage activity. Therefore, we
hypothesize that VICM, as a liquid biopsy, may be applied
as a precision medicine tool and CDx for predicting and
monitoring efficacy of intervention and pharmacodynamics
of novel anti-TAM therapies, in contrast to relying solely on
(repeated) tumor tissue biopsies as in the examples above.
In support of this is data from RA patients showing that
efficacy of an anti-GM-CSF therapy is reflected by VICM
measured in serum [85].

Summary/conclusion

There has been an increased recognition of the importance
of the tumor microenvironment for understanding carcino-
genesis. Especially in relation to the 10 setting, the tumor
microenvironment is an intrinsic part of the success of cur-
rent and future immuno-therapeutic anti-tumor modali-
ties. However, we are only beginning to understand how
the different aspects of the tumor microenvironment, such
as inflammation and desmoplasia, impact disease progres-
sion (prognosis) and response to the immuno-therapeutic
compounds. To increase this understanding, there is a
need for novel tools to study various aspects of the tumor
microenvironment.

In this review, we have highlighted the importance of
chronic inflammation and desmoplasia in cancer and dis-
cussed how novel protein-based liquid biopsy biomarkers
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Degree of desmoplasia

The comPosition of the ECM and the desmoplastic reaction
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effects response to therapy
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Fig. 3 Quantification of altered tissue turnover in a liquid biopsy—
a proposed precision medicine tool to assess desmoplasia (top) and
chronic inflammation (bottom) associated with response to immuno-
therapeutic anti-tumor modalities. Biomarkers reflecting desmoplasia
and activity of tumor-associated macrophages (TAMs), here exem-
plified by Pro-C3 (desmoplasia) and VICM (TAM activity), may be
applied to the immuno-oncology setting and help predict (and moni-

may be used in the 10 setting (Fig. 3). The Pro-C3 and
VICM liquid biopsy biomarkers presented here may be
applied to interrogate the stromal component of the tumor
(desmoplasia and chronic inflammation, respectively) both
individually and combined. The clinical potential of quan-
tifying chronic inflammation and desmoplasia in relation
to the IO setting stems from the indicated capability to
detect immuno-suppressiveness as well as T-cell permis-
siveness of the tumor microenvironment; two recognized
causative factors for tumor progression [10, 52]. Both
chronic inflammation, e.g., recruitment and activation of
TAMs, and desmoplasia, e.g., altered ECM remodeling
and recruitment and activation of CAFs, ultimately lead
to significant alterations in the composition and quality of
the tumor tissue, including the ECM, and these alterations
are linked to a pro-cancerous niche supporting tumorgen-
esis. Future studies will determine the actual use of bio-
markers for interrogating the stromal component of the
tumor and for enhancing the mechanistic understanding
of desmoplasia and immune system function. Moreover,
the association with response to anti-tumor 1O therapies
needs further attention.
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