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Cancer therapy-related cardiopulmonary dysfunction (CTRCPD) is one of the most undesirable side effects of
cancer therapy and leads to limitations to cancer treatment. Chemoradiation therapy or immunotherapy promote
acute and chronic cardiopulmonary damage by inducing reactive oxygen species, DNA damage, inflammation,
fibrosis, deregulation of cellular immunity, cardiopulmonary failure, and non-malignant related deaths among
cancer-free patients who received cancer therapy. The efficacy of the radiation depends on the degree of DNA

damage, which results in cancer cell death.

chemoradiation immunotherapy reactive oxygen species antioxidants

1. Fibroblast Activation and Cardiopulmonary Inflammation
in Response to Cancer Therapy

Generally, fibroblast cells are undifferentiated, activated by a variety of signaling molecules such as platelet-derived
growth factors (PDGF) and TGF- B, which are differentiated into myofibroblasts [ The differentiated
myofibroblasts interact with cardiomyocytes and pulmonary tissues to promote the molecular pathogenesis of
fibrosis and the production of the extracellular matrix (ECM). The conversion of fibroblasts to myofibroblasts
enables the contraction of the ECM to cover the open wound [&. Fibroblasts play a vital role in the inflammation
and immune cell recruitment at injured sites. Additionally, fibroblasts secrete inflammation responsive cytokines
and play a role in the inflammation and immune cell recruitment to wounded sites to clear dead cells and scars.
Furthermore, fibroblasts produce inflammation responsive cytokines and chemokines, including TNF-a, TGF-(3, IL-
6 IL-1, CXCL14, CCL21, cytokine IL-7, and cytokine IL-7 BIIBIBITBI and trigger immune cells to react on wound-
residing dead cells. The accumulation of fluids in the wounded area promotes the hypoxic condition. Pulmonary
hypoxia activates fibroblasts in the blood vessels and leads to vascular remodeling with pulmonary hypertension,

and pulmonary hypertension leads to mortality 2! (Figure 1).
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Figure 1. Cancer therapy-induced cardiopulmonary failure. Cartoon illustrates the combination of chemotherapy
and ionizing radiation promotes reactive oxygen species (ROS) in thoracic cancer (lung) patients. ROS promotes
oxidative stress, DNA damage, immune cell migration, and inflammation, and reduces lung tumor burden. Immune
cells at wounded sites secret cytokines, chemokines, and growth factors in cardiopulmonary tissue. Cytokines,
chemokines, and growth factors activate myofibroblasts, promote the TGFB pathway, and are involved in the
accumulation of the extracellular matrix (ECM). Accumulation of excess ECM induces cardiopulmonary fibrosis,
tissue remodeling, immune escape, and cardiopulmonary failure in cancer-free male and female patients who
received cancer therapy (chemoradiation therapy). Up arrow indicates the indicated process and the down arrow
indicates the reduced tumor burden. This graphic/cartoon is created with BioRender.com agreement #
IP22YQRECH.
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The combination of chemotherapy and radiation therapy is the most effective treatments for breast, esophageal,
and lung cancers. However, the combined therapy promotes early non-symptomatic cardiopulmonary fibrosis
responsive risk factors, including the platelet-derived growth factor (PDGF), tumor necrosis factor (TNF), TGF[,
interleukins (IL-1, IL-6, and IL-8), and neutrophil infiltration. Additionally, these treatments induce the late
cardiopulmonary fibrogenesis responsive transforming growth factor, IL-4, and IL-13 191 Histopathological
results clearly demonstrate that fibrosis areas are rich in myofibroblast cells, inflammatory cells, and extracellular
matrix collagen depositions (ECM) in injured cardiopulmonary organs 2213 TGFB-SMAD-signaling is well studied
and characterized in fibrosis models 415 Sybsequent accumulation of the ECM in the cardiac tissues leads to
myocardial fibrosis, deregulation of heart function, and cardiac failure. Similarly, radiotherapy causes pulmonary
pneumonitis and pulmonary fibrosis, which lead to pulmonary remodeling, dysfunction, and pulmonary failure 12
(Figure 1).

2. Activation of M2 Macrophages, Maintenance of Tissue
Archistructure, and Extracellular Matrix Remodeling (ECM)

Activated fibroblasts (myofibroblasts) have higher migratory behaviors and produce more ECM components than
fibroblasts 1€ and the net result is the accumulation of excess ECM in the tissue wounds. Macrophages play
important roles in cleaning the excess ECM and maintaining tissue skeletal structure. Macrophages are white
blood cells and these cells both migrate into the wounded area or tumor and clear cell debris, while unwanted
cancer cells and the extracellular matrix are cleared through the phagocytosis mechanism. Macrophages are
grouped under M1 (killer) and M2 (repair) categories and they perform anti-inflammatory roles. Macrophages play
a key role in muscle repair as well as in regeneration and maintenance 7181191 M2 macrophages migrate to the
site of muscle damage, inflammation, and fibrotic tissue (ECM), and macrophages secrete both matrix
metalloproteases (MMPs) and lyse unwanted cells. Additionally, macrophages clear the ECM/scars in the wounded
area. Fibrosis is an irreversible process at the wounded site with excess ECM deposition. Matrix
metalloproteinases are the enzymes involved in the clearing process of excess ECM, target fibrosis, and maintain
the cytoskeletal structure of the tissue. To date, 23 MMPs have been reported and most of which are secreted by
macrophages 29, In addition to MMPs, macrophages secrete pro-inflammatory cytokines and chemokines to
attract immune cells neutrophils and natural killer cells to wounded sites to destroy the unwanted cells 24,
Fibroblast proliferation is a key event in the fibrosis, as M2b macrophages inhibit fibroblast proliferation responsive
proteins 22 produce MMPs, clear the ECM, and maintain cardiopulmonary cellular homeostasis (Figure 2).
Additionally, the ECM is critical for fibrosis and tumor progression, as the ECM blocks the cancer therapeutics and
limits the efficacy of cancer drugs. Macrophages are the main source of MMPs and MMPs are capable of
destroying the ECM. Currently, developed modified macrophages with the chimeric antigen receptor (CAR) will be

an ideal therapeutic to target the ECM and maintain cellular integrity during tissue injury (231,
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Figure 2. Role of fibrolytic macrophages on the ECM clearance and maintenance of both muscle cell physiology
and cellular homeostasis. Following the cancer therapy-induced damage, the immune system triggers the
activation of fibrolytic macrophages/M2b macrophages. The activated macrophages migrate to the site of fibrosis
and produce or secrete matrix metallopeptidase (MMPs) enzymes to destroy or eliminate excess ECM via
phagocytosis/degradation processes, and protect cardiopulmonary muscle cells and their physiological state. Note:
Up arrow indicates the upregulation of MMP, M2b macrophages and fibrolytic macrophages. This graphic/cartoon

is created with BioRender.com agreement/license # YC22YQS6MB.

3. Biomarker Signatures in Cardiopulmonary Toxicity
Following Cancer Therapy

Recent advances in omics technology enabled the identification of molecular changes that underlie the
development and progression of human diseases, including cancer. The use of multi-omics, which takes the
advantage of technologies such as DNA sequencing, exome sequencing, Chromatin immunoprecipitation (ChIP)
sequencing, whole-transcriptome analysis, single-cell transcriptome, 10 X visium genomics analysis, proteomics,
and metabolomics, has led to the identification of biomarkers in human diseases, including cancer. Oliver et al.,
2019, summarized the importance of the multi-omics approach for the identification of biomarkers in the field of
oncology 241, In the field of oncology, genomics and other omics approaches have identified mechanisms in cancer
development, treatment resistance, and the recurrence risk, and these findings have been used in clinical oncology
to guide treatment decisions. For example, DNA sequencing and whole-transcriptome sequencing of 100
castration-resistant prostate cancer (CRPC) patient samples identified somatic mutations in TET2, DNAMT3B, and
BRAF genes 23, Interestingly, mapping of the E2F1 cistrome using the transcriptomic approach revealed the role

of tumor suppressor RB (retinoblastoma protein) in metabolism and cancer.

Several recent studies have used the state-of-the-art mass spectrometry approach to identify cancer-specific
biomarkers in human diseases 2827 and additional analyses of proteomics data led to the identification of the

specific pathways involved in mediating carcinogenesis 28, Wei Chu et al. identified oral cancer specific
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biomarkers 22 using mass spectrometry in oral cancer patients’ saliva. B9, Park et al. employed the metabolomics
approach (liquid chromatography coupled with mass spectrometry) and identified four biomarkers including L-
octanoylcarnitine, 5-oxyproline, hypoxanthine, and docosahexaenoic acid in breast cancer patients’ plasma. L-
octanoylcarnitine serves as an early-stage biomarker with 100% positivity for breast cancer 1. The application of
cutting-edge multi-omics technology, such us whole-exome sequencing, DNA methylation, whole-genome
sequencing, metabolomics, protein mass spectrometry, single-cell transcriptomics, and 10 X spatial genomics
(visium), is warranted to identify early and late toxicity response biomarkers and cancer relapse genes following

cancer therapy in cardiopulmonary tissues.

| 4. Targeted Therapy-Induced Cardiac Toxicities

One of the recent advancements in cancer therapy is monoclonal antibody-based therapy to target certain
molecules to control cancer. Cardiac failure or dysfunction is noted in cancer patients (2—4%) who received anti-
PD-1, PD-L1, and bevacizumab (BEV) 22331 \which are monoclonal antibody-based therapies against endothelial
cells to target many tumor types; however, this treatment promotes cardiac complications including hypertension,
ischemia, and congestive heart failure 34, The application of the tyrosine kinase inhibitor Erlotinib promotes
cardiovascular complications in lung cancer patients 32, Another monoclonal antibody (necitumumab)-based
therapy (28 promotes cardiopulmonary arrest in about 3% of patients. In addition to this, a multi-target tyrosine
kinase inhibitor, Nintedanib, targets platelet-derived growth factor (PDGF) receptors and fibroblast growth factors 1,
2, and 3. This agent reduces tumor burden but simultaneously promotes left ventricular dysfunction in cancer

patients.

Antioxidants are reductant molecules that react with oxidants and are grouped under two categories, namely
endogenous and exogenous. Endogenous antioxidants are produced by the human body, while exogenous
antioxidants are produced through the nutrient supply. The exogenous antioxidants fall under the enzymatic and
non-enzymatic B4 category. Enzymatic antioxidants possess catalase activity (CAT) that converts hydrogen
peroxide to H,O, and then to water and oxygen. Glutathione (GSH) is considered the most abundant molecule
among the endogenous antioxidants. GSH allows to scavenge ROS either directly or indirectly and it directly reacts
with O~2 and some other ROS. Aerobic respiration results in increased hydrogen peroxide production, which is
detoxified by glutathione peroxide (GPx) by converting two GSH molecules to their oxidized form (GSSG). GSH is
recycled by the action of glutathione reductase. Among the antioxidant enzymes, SODs catalyze the dismutation of
02" to H,0, and catalase stops the formation of OH by converting H,0, to oxygen and water 28 Nutrients supply
non-enzymatic antioxidants, which reduces the oxidative stress-mediated cardiovascular risk B9, Additionally,
natural extracts (polyphenols) are capable of suppressing ROS and inducing the antioxidant defense mechanism
[40141]142] ' Some of the commonly used antioxidants are Vitamin E, vitamin C, polyphenols, non-flavonoids,
carotenoids, selenium, lipoic acids, coenzymes Q10 B4, Earlier studies have shown that CTR increases ROS
levels and enhances DNA damage, while CTR-induced cardiopulmonary toxicity is associated with increased ROS
levels [43][44145]46][47]148] Tyrgeting DNA damage caused by ROS is another promising strategy to reduce

chemoradiation side effects. Similar to the prophylactic effect of berberine against rat colon carcinoma, previous
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studies in lungs demonstrated that ROS scavenging at 20 mg/kg once a day for 6 weeks reduces the inflammation
of CTR-induced lung toxicity “9B%  Furthermore, the systemic administration of Tempol (275 mg/kg) in mice
exposed to whole-body irradiation showed the radioprotective effect [BL5253] Cisplatin has been used for the
treatment of cervical, testicular, esophageal, ovarian, bladder, and lung cancers, and this drug has been associated
with cardiopulmonary toxicity [B4155]561[57],

5. Possible Antioxidant Treatments and Prevention of Cancer
Therapy-Induced Toxicity

Previous studies have suggested that compounds with antioxidant properties, such as resveratrol 23 and alpha-
lipoic acid 58], attenuate cisplatin-induced cardiotoxicities. Antioxidants produced by the human body or consumed
from plant products are capable of interacting with and neutralizing ROS, which is induced during oxidative
damage/chemoradiation treatment B89 Antioxidants play a key role in controlling cardiopulmonary inflammation
and fibrosis 1. Plant-derived natural antioxidant vitamin A, C, and E from fruits, vegetables, beverages, and
cereals (621631641651 and synthetic antioxidant ascorbic acid/vitamin C, glutathione, uric acid, carotenes [E8I67I(68]
and superoxide dismutase (enzyme) are known to suppress oxidative stress 479 induced free radicals (ROS) as
well as TGF-B, ERK, and NFkB-mediated signaling, thereby inhibiting fibrogenesis /4] (Figure 3).
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Figure 3. Antioxidants and protection of cancer therapy-induced cardiopulmonary toxicity. This cartoon
presentation shows the chemoradiation therapy-promoted cardiopulmonary inflammation, fibrosis via myofibroblast
activation, and the NFkB-mediated inflammatory (stress) signaling pathway. The application of antioxidants and
inflammatory inhibitors, along with cancer therapy, could protect cardiopulmonary tissue by inhibiting ROS and

NFkB-mediated stress signaling. Up arrow indicates the increased levels of ROS, NFkB, inflammation and fibrosis
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and the down arrow indicates the decreased levels of ROS, NFkB, inflammation, fibrosis and decreased immune

cell recruitment. This graphic/cartoon is created with BioRender.com agreement # LD22YQSGUH.

| 6. Cell Fat Function and Clinical Biomarker Determination

Cancer therapy-induced early cardiopulmonary toxicities are subclinical and not easy to detect in advance. Patients
show late symptomatic cancer therapy-induced cardiopulmonary toxicities after 5-10 years post-treatment, which
are irreversible. The heart and lung are composed of the heterogenous cell populations. The heart myocardium is
composed of 1/3 cardiomyocytes (CMs) and 2/3 remaining fibroblasts, mesothelial, myeloid, lymphoid, adipocytes,
pericytes, smooth muscles, endothelial, and neuronal and immune cells 2. The lung is composed of 40 different
cell types including epithelial, smooth muscle, endothelial, nerve, hormone-producing, blood, and structural support
cells (131, Every cell type contributes a specific physiological and pathological function; therefore, it is important to
define the cell type specific function when exposed to cancer therapy, which helps to establish clinical biomarkers

to target the pathogenesis of fibrosis.

7. Role of Cancer Therapy-Induced Inflammation in Lung
Cancer

Chemotherapy is an effective treatment commonly used for various primary tumors and metastatic cancers. In
addition to directly destroying cancer cells, chemoradiation has been shown to also induce inflammation with high
levels of ROS, IFN-y, and damage associated proteins (DAMP) 4. Cardiopulmonary inflammation causes
cardiopulmonary tissue damage in response to chemoradiation. In addition, cancer therapy causes genetic
alterations (gene mutations due to impaired DNA repair, DNA methylations, and core histone protein modifications)
and enhances ROS levels, which leads to chronic inflammation in cardiopulmonary tissues R8I previous
studies have demonstrated that radiation exposure leads to senescence and apoptosis of epithelial and endothelial
cells, and initiates strong immune response and inflammation in lung tissues (879 |nflammation promotes the
epithelial and mesenchymal transition (EMT) in lung cancer cells BYE1 Previous studies have shown that there
were significant changes in the expression of EMT-related proteins in response to cancer therapy in lung cancer
cells B2 Many studies indicated that antioxidants reduce ROS levels B4, thereby reducing the inflammation.
Anti-inflammatory drugs have been shown to effectively control tumor progression. However, the adverse side

effects associated with the different anti-inflammatory drug treatments have limited their full application to cancer
therapy 831861,

Preclinical and clinical studies suggest that there is strong association between chronic inflammation and
carcinogenesis (7. Chronic inflammation is considered to be one of the characteristics of tumor initiation and
progression, and chemotherapy-induced chronic inflammation often endows residual cancer cells with resistance
and plays a pivot role in promoting therapeutic resistance and cancer progression. The immune system plays

major role in maintaining cellular homeostasis, including cell cycle control and tissue remodeling (7. Diverse
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populations of leukocytes move to inflammatory areas and produce cytokines, chemokines, and inflammatory

metabolites including prostaglandins and leukotrienes.

8. Mechanisms of Inflammation-Induced Carcinogenesis and
Cancer Therapy-Induced Tumor Recurrence

Previous studies have implied that chronic inflammation initiates tumorigenesis through DNA damage, excessive
replication, and the inhibition of apoptosis and angiogenesis B8, Inflammation activates Ras, Myc, and p53-
signaling, resulting in mitochondrial impairment and increased ROS production (8. ROS activates NFkB and
STAT3-signaling (Figure 4) BARY which cause lung carcinogenesis. Anti-inflammatory drugs have been shown to
effectively control tumor progression. Recent therapeutic advancements and meta-analyses suggest that the
application of non-steroidal anti-inflammatory drugs (NSAID) inhibits inflammation and lung carcinogenesis 24,
However, the adverse side effects associated with the different anti-inflammatory drug treatments in multiple
organs including lung, heart, liver, kidney, the digestive stem, and the brain have limited their full application to

cancer therapy 241,
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Figure 4. Possible role of cardiopulmonary inflammation on the development of tumor recurrence. Schematics
illustrate that chemoradiation therapy inhibits lung tumor burden. Cancer therapy promotes DNA damage and ROS
in cardiopulmonary tissue, which leads to chronic cardiopulmonary inflammation. Cardiopulmonary inflammation
simultaneously promotes cardiopulmonary fibrosis, organ failure, as well as activation of the carcinogenic response
NFkB, HIF, and Stat3 signaling pathways. Possible application of anti-inflammatory therapies could restrict
cardiopulmonary fibrosis and tumor recurrence. Up arrow indicates the increased ROS and DNA damage. This

graphic/cartoon is created with BioRender.com agreement/license # CU22YQT5TH.

Earlier studies have shown that dying cells (including normal and cancer cells) release growth factors, chemokines,
cytokines, interleukins, interferons, and other factors following chemoradiation and these factors prime the
carcinogenic-signaling 22, In addition, dying cells release damage-associated molecular patterns (DAMPS) in
response to chemoradiation treatment 3. DAMPs possibly serve as a ligand for Toll-like receptors (TLRS)
expressed on immune cells in the tumor microenvironment (TME) 24 Cancer therapy not only induces tumor
recurrence but also causes drug resistance in patients. Recent study suggests that kinase inhibitors of BRAF, ALK,
or EGFR (targeted therapies) promote secretome in melanoma and lung cancer models. RAF and ALK inhibitor-
induced secretome increases the proliferation and migration capacity in drug resistance tumor cells [931[281197][98]
Further studies are warranted to define the mechanism of chemoradiation-induced tumor recurrence and drug

resistance in thoracic cancer models.

9. Role of the Inflammatory Microenvironment in
Oncogenesis and Metastasis in Lung Cancer

The correlation between inflammation and cancer was revealed based on the fact that cancer originated in sites of
chronic inflammation and the tumor biopsies had abundant inflammatory cells 29, The chronic dysregulated
inflammation has been associated with cancer progression in most malignancies 4299 previous studies have
implied that the inflammatory tumor microenvironment (TME) is one of the determining factors for the therapeutic
efficacy of radiotherapy, chemotherapy, and immunotherapy 201192 The inflammatory tumor microenvironment
(TME) plays several roles in tumor progression and metastasis. Chronic overexpression of inflammatory mediators
in the TME, as seen in patients with lung cancer 198 may lead to increased oncogenesis, progression, invasion,
and metastasis. Radiation therapy-induced pro-inflammatory TME in lung cells are possibly involved in activating

interconnected networks of cytokines, adhesion molecules, and damage-associated molecular patterns (DAMPS).

Inflammation promotes EMT through its ability to induce the downregulation of epithelial cell-specific proteins and
the subsequent upregulation of mesenchymal cell-specific proteins in lung cancer cells [BUEBL This switch from an
epithelial to mesenchymal phenotype underscores the importance of the inflammatory microenvironment in the
progression of lung cancer. Previous studies have observed that the majority of patients undergoing conventional
radiation therapy for locally advanced lung cancer developed relapses and distant metastasis due to resistance

(1041 EMT plays a central role in metastasis 193, Data from previous studies have shown that there was a
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significant reduction in E-cadherin expression and a remarkable increase in the expression of both a-SMA and

vimentin in response to radiation exposure in lung cancer cells [E2183],
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