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Abstract: Precision cancer medicine primarily aims to identify individual patient genomic
variations and exploit vulnerabilities in cancer cells to select suitable patients for specific drugs.
These genomic features are commonly determined by gene sequencing prior to therapy, to identify
individuals who would be most responsive. This precision approach in cancer therapeutics remains
a powerful tool that benefits a smaller pool of patients, sparing others from unnecessary treatments.
A limitation of this approach is that proteins, not genes, are the ultimate effectors of biological
functions, and therefore the targets of therapeutics. An additional dimension in precision medicine
that considers an individual’s cytokine response to cancer therapeutics is proposed. Cytokine
responses to therapy are multifactorial and vary among individuals. Thus, precision is dictated by
the nature and magnitude of cytokine responses in the tumor microenvironment exposed to
therapy. This review highlights cytokine responses as modules for precision medicine in cancer
therapy, including potential challenges. For solid tumors, both detectability of cytokines in tissue
fluids and their being amenable to routine sensitive analyses could address the difficulty of
specimen collection for diagnosis and monitoring. Therefore, in precision cancer medicine,
cytokines offer rational targets that can be utilized to enhance the efficacy of cancer therapy.
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1. Precision Cancer Medicine

At the center of precision medicine, often interchangeably termed as ‘personalized medicine’ or
‘individualized medicine,” is the need to deliver “the right drug, with the right dose at the right time
to the right patient’ [1, 2]. Irrespective of the different interpretations of these terminologies, the
overarching premise remains the recognition of individual patient’s molecular differences as the
basis to guide disease management, and consideration of individual patients as independent
biological units to avoid ‘group’-prescription of therapy and subsequent side effects or non-
responsiveness.

Currently, the most common application of precision cancer medicine involves
pharmacogenomics, for which genomic determinants of drug metabolism (pharmacokinetics and
pharmacodynamics) can be predicted from the polymorphisms and expressions of the enzymes that
are involved [3-5]. Specifically, genomic information from normal or malignant cells is used to select
an appropriate drug or patient, with the intent to avoid unnecessary treatment (Figure 1). Unlike
proteomic, metabolomic and other elements, genomic data is the least variable, making it the most
stable and widely comparable across multiple platforms.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Current precision targets in cancer medicine as a subset of the broader elements of precision
medicine.

It is practical and convenient to make clinical ‘individualization” of patients based on the
identification of genomic (DNA) or RNA signatures, and as such, to sort patients into ‘most or least
likely to respond,” or ‘most likely to experience side-effects” groups. However, precision medicine
centered on DNA/RNA-based tools leaves a translational uncertainty, since proteins are the
actionable targets and ultimate effectors of biological functions. This uncertainty becomes obvious
when the proportions of patients ‘expected” to respond are compared to patients who clinically
‘respond.” Understandably, this uncertainty is multifactorial in origin and remains a challenge to
identify and address the reasons for non-responsiveness, causing doubts about the entire precision
approach [6, 7].

2. Cytokine pathways as therapeutic targets

Cytokines, cytokine receptors, and associated pathways offer opportunities to target signaling
pathways associated with various disease conditions. Given their roles, inflammatory cytokines and
receptors, as potential therapeutic targets, have been the focus of researchers, clinicians, and
pharmaceutical companies. The most clinically advanced of these include antibody-based anti-
psoriasis drugs targeting interleukin 23 (IL23, tildrakizumab), IL17A (secukinumab, ixekizumab) or
IL17R (broadalumab). Additionally, anti-TNF antibodies have been deployed for the treatment of
rheumatoid arthritis and psoriasis [8-10]. Among the most widely used drugs are an anti-TNFx
antibody drug for arthritis marketed for humans as Humira, and an anti-IL-31 antibody for canine
atopic or allergic dermatitis used under the trade name Cytopoint [11]. An IL6R-targeting mAb
(tocilizumab) has been approved to treat a few inflammatory conditions, including rheumatoid
arthritis and cytokine release syndrome after therapies [12]. However, the utility of tocilizumab
against COVID-19 could not be established unequivocally, although IL6 levels correlated with severe
disease [13, 14]. IL6R antagonists tocilizumab and sarilumab are currently recommended for severely
or critically ill COVID-19 patients (Therapeutics and COVID-19: living guideline. Geneva: World
Health Organization [15]). Two cytokines, IL2 and IFNa, exhibited moderate therapeutic effects for
the treatment of a variety of malignant conditions and were thus approved by the Food and Drug
Administration (FDA). IL2 is used for advanced metastatic renal cell cancer and melanoma [16]; IFN«
is indicated for hairy cell leukemia, follicular non-Hodgkins's lymphoma, melanoma, and AIDS-
related Kaposi’'s sarcoma. In 2015, IL15 was approved for treatment of solid tumors [17].

Chemokines form a sub-group of cytokines characterized as molecules mediating the trafficking
of immune cells [18]. Although several drugs targeting chemokine pathways have been developed,
only a few have been approved for a disease condition. As an example, maraviroc, a CCR5 co-receptor
antagonist that interferes with HIV entry into CD4 T cells, was approved in 2007 for treatment of HIV
patients, in combination with other antiviral medications [19, 20].

Currently, the primary goal in cytokine-directed therapy is to block the interaction of these
molecules with the corresponding receptors, or to dampen the pathways downstream of the
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receptors. The impetus to advance the inhibitory approaches is because of the role of most of the
targeted cytokines in enhancing disease processes, commonly inflammation. Unlike inhibition, an
approach to enhance the expression or functions of cytokines for cancer therapy is still experimental,
or is expected to be more challenging than inhibition, because of the need to fine-tune the activity of
cytokines. For example, IL2, a potent T-cell mitogen, enhances anti-tumor responses of the immune
system, but high doses can be detrimental to patients because of excessive cytokine release and
activity [21].

3. Cells of cytokine origin

Most cell types within the tumor microenvironment, including tumor cells, immune cells such
as macrophages, dendritic cells, and T cells, as well as stromal cells such as fibroblasts and endothelial
cells produce cytokines in response to chemotherapy or radiation. Thus, tumor cells are involved in
their own response to treatment. Macrophages, which are involved in the immune response, also
produce cytokines in response to chemotherapy and radiation. Dendritic cells, another type of
immune cells, also produce cytokines [22, 23]; their role in cytokine production may involve the
presentation of tumor antigens to T-cells, leading to an immune response. Antigen-stimulated CD4+
T-cells [24], along with natural killer T cells [25], CD8+ T-cells [26], mast cells [27], and dendritic cells
[28] are the primary producers of IL2. Endogenous IL2 therapy increases the expression of CD25 and
IL2 receptor, with subsequent proliferation of CD8+ T-cells [29]. IL2 enhances the expression of
LAMP-1 [30] on the surface of CD8+ T-cells while decreasing the expression of PD-1 [31], an
inhibitory receptor, thereby facilitating CD8+ T-cell cytotoxicity.

4. Cytokine responses in solid-tumors therapy: an emerging theme in cancer precision medicine

As mentioned above, the concept of targeting cytokines or cytokine pathways to control specific
diseases or processes is not new. After the role of receptors in viral entry was established, these
pathways have even been targeted for infectious diseases such as HIV (CXCR4 and CCR5) [32-34].
Although most primary solid or intraepithelial tumors can be treated with several types of
chemotherapy and radiation, adaptive resistance of tumor cells and recurrence of cancer have
hampered durable success of these therapies. The central theme of cancer precision medicine has
been to identify patients who will favorably respond to a current therapy module, avoiding the side-
effects of therapy on those who are least likely to respond [7, 35].

For colorectal cancers, the clinical trials and applications of precision medicine have been
narrowly focused on microsatellite status and the MAPK pathway proteins downstream of EGFR
and HER2 receptors [36]; these are used for targeted therapeutics. Although the results and ultimate
impact of these genomics-based approaches are still to be determined, to benefit patients, additional
targets for precision medicine need to be identified. Microsatellite instability (MSI), defined by its
genomic signatures and pro-mutagenic characteristics, is an appropriate tumor characteristic to
identify colon cancer patients better suited for certain chemotherapy regimens, and especially for
immunotherapy. However, a substantial proportion of the MSI tumors do not respond to current
immunotherapy regimens [37]. Within the multifactorial background of ‘non-responsiveness,” which
may involve added gene alterations, the role for signaling proteins may be substantial. After initiation
of standard cancer therapy, a panel of targetable proteins unique to a patient could constitute a
framework for precision medicine. Since the type and intensity of protein-response by malignant and
normal cells in the tumor microenvironment will vary among individuals, the development and
inclusion of ‘therapy-induced cytokine signature’ is emerging as a new dimension of precision
medicine [38-40].

In malignant cells, cancer therapy using drugs or radiation elicits ‘danger’ signaling pathways,
which have, primarily, a protective nature. These signals could be mediated by cytokines, and some
cytokine pathways, such as transforming growth factor-beta (TGF-$), may have dual roles of
inhibition or acceleration of tumor growth [41, 42]. Other cytokine pathways may drive cell death,
attract, or deflect immune cells, or induce a senescence-like state to remain dormant through the
stress period [43-46]. Therefore, an analysis of active cytokines in an individual’s cancer


https://doi.org/10.20944/preprints202311.1512.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 November 2023 doi:10.20944/preprints202311.1512.v1

microenvironment or tissues during chemotherapy, especially in comparison to the pre-intervention
levels or activities, could reveal information about the biological mechanisms operating in the tumor
under therapy stress. Such cytokine readouts may correlate with patient clinical outcomes [47-50].
Since cytokines are readily detectable in tissue fluids, this approach to precision medicine has an
added value for clinical monitoring and decision making.

5. Cytokine responses to chemotherapy and radiation

Cytokines are small proteins (peptides or polypeptides or glycoproteins with 5 — 30 kDa
molecular weight) that are involved in modulation of the immune response. They are produced by
various cells and act as signaling molecules, allowing for communication between different cell types.
In the context of cancer, cytokines in the tumor microenvironment may be produced by both
neoplastic and non-neoplastic cells that are involved in the regulation of tumor growth, proliferation,
survival, and response to therapy. In recent years, there has been growing interest in understanding
the role of cytokines in tumor response to chemotherapy and radiation [51, 52].

Chemotherapy and radiotherapy induce various types of cytokines. These include pro-
inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-a), IL1, and IL6, as well as anti-
inflammatory cytokines, such as IL10 and TGFf [53]. Other cytokines, such as IFNs, chemokines, and
growth factors, are also involved in tumor cytokine responses to chemotherapy and radiation. For
example, IFNs enhance the anti-tumor immune response, and chemokines attract immune cells to
the tumor site. Furthermore, growth factors, such as epidermal growth factor and vascular
endothelial growth factor, are involved in angiogenesis, which is the formation of new blood vessels
to support tumor growth [54]. Below, we provide examples of studies that assessed cytokine response
after clinical or in vitro exposure of cells to chemotherapy or radiation.

A study comparing treated and untreated cell lines [55] evaluated the effects of clinical
chemotherapeutics oxaliplatin, cisplatin, 5-fluorouracil (5-FU), doxorubicin, paclitaxel, docetaxel,
and carboplatin, using a panel of 52 cytokines in MCF7 breast cancer (BC) and HCT116 colorectal
cancer (CRC) cells. The results showed that chemotherapy-inducible cytokine transcripts have
varying potential for prognostic significance in CRC versus BC. For the BC cell line, the expression of
TRAIL-R2 and chitinase 3-like 1 were upregulated by most of the drugs; TRAIL and IFN- were
downregulated. Beyond that, the two cell lines did not respond similarly, which suggested drug-
specific and tissue-specific cytokine regulation after chemotherapy. Similarly, a comparison of
chemotherapy drugs on cytokine production in CRC cell lines showed drug- and p53-dependent
signatures, suggesting a personalized approach that considers the p53-status [56]. We also previously
reported that topoisomerase inhibitor treatment of CRC cell lines induced cytokines that were
clinically associated with patient overall survival [57].

In another study, the cytokine signature of conditioned media produced by the non-tumorigenic
mammary epithelial cell line MCF10A, as well as by MCF7 and MDA-MB-231 BC cell lines, following
single high doses of irradiation was examined [58]. The results showed that both 9 Gy and 23 Gy of
ionizing radiation triggered the release of cytokines and growth factors capable of influencing tumor
outcome in a dose-independent and cell-line dependent pattern.

In an investigation that used both in vitro and in vivo CRC models, Wang et al. found CCL20 to
be a major cytokine induced after 5-FU chemotherapy and a mediator of regulatory T cell (Treg)
recruitment and drug resistance. Blockade of the cytokine by specific antibodies blocked tumor
growth in vivo [59]. In another study with non-tumor bearing mice treated to measure the effects of
5-FU on cytokine expression in the brain, Groves TR et al. 2017 found that chemotherapy altered
cytokine abundance in the hippocampus, with IL-1, -2, -3, -4, -5, -17, GMCSF (granulocyte
macrophage colony stimulating factor), and RANTES expressed at higher levels in treated mice
compared to controls, suggesting a mechanism for potential toxic side-effects of the drug in the brain.
Oxaliplatin increased the splenic populations of CD4, CD8, and Treg cells, and altered splenic
cytokine expression, despite decreasing the splenic mass [60]. Anthracyclines, used in chemotherapy
for certain types of solid cancers, induced a type-I interferon response that upregulated CXCL10,
resulting in an antitumor outcome [61].
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Like chemotherapy, radiotherapy of solid cancers alters local or systemic cytokines [62], and
radiotherapy may be combined with cytokine treatments for a beneficial outcome [63]. Nevertheless,
unlike the antitumor mechanism of radiotherapy mediated by cell death, the contributions of
cytokine-mediated functions of radiotherapy are not clearly understood. For example, although
CXCL9, CXCL10, and CXCL16, in response to radiotherapy, mediate anticancer effects, other
molecules, such as TGF-, CCL2, CSF1, CXCL12 and insulin-like growth factor 1, which are also
induced by radiotherapy, may create an immunosuppressive microenvironment [63]. After a sub-
lethal dose of irradiation, enhanced levels of multifunctional cytokines IL1{, IL6, IL8, granulocyte
colony-stimulating factor (G-CSF), granulocyte-macrophage-colony stimulating factor (GM-CSEF),
and TNF-a were recorded [48].

In a study aimed to characterize the predictive value of cytokines/chemokines for rectal cancer
patients receiving chemoradiation therapy (CRT), platelets, immune system, and cancer cells, cross-
linked through various cytokines/chemokines, were examined. The pre-CRT levels of soluble CD40-
ligand (sCD40L) and the post-CRT levels of chemokine ligand-5 (CCL5) were associated with the
malignant tumor behaviors of depth and invasion, and higher post-CRT IL6 was associated with a
poor response [64].

In a separate study, serum cytokines (IL13, IL2, IL6, and TNFa) were examined for a small
number of patients undergoing chemotherapy for malignant bone and soft tissue tumors [65]. After
intravenous infusion of antitumor drugs, increases of IL6 and TNFa production and decreases in
neutrophil counts were evident. Similarly, when 13 cytokines were monitored after trans arterial
chemoembolization (TACE) for patients with hepatocellular carcinoma, IL-6 reached a peak on day
3 before decreasing on and after day 7. In contrast, IL4, IL5, and IL10 increased at 2 months after
TACE [66]. When the effect of CRT on IFN-v, IL6, and TNFa was investigated for patients with locally
advanced non-small-cell lung cancer (NSCLC) or glioblastoma multiforme (GBM), TNF-a levels in
NSCLC and IFN-vy levels in GBM decreased [67].

The role of IL18 in response to gamma radiation-induced injury was reviewed [68]. The same
authors also reported increases of IL1f3, IL18, and IL33 expression in various organs, after exposure
of mice, minipigs, and nonhuman primates to gamma radiation; they found IL18 as a potential
biomarker to check radiation injury [69].

Elgstrom et al. [70] assessed the cytokine profile in the tumor microenvironment during tumor
regression induced by radioimmunotherapy using an antibody conjugated to the beta emitter 177Lu.
Although most cytokines in the tumor microenvironment were associated with immune cell
infiltration, the differences in cytokine levels between treated and controlled tumors were small. The
authors concluded that, for 177Lu radioimmunotherapy, tumor regression was not accompanied by
a significant increase in cytokines that attract immune cells. In contrast, ablative local radiotherapy-
mediated tumor control involved the production of IFN-{, and the antitumor effect of radiotherapy
was diminished in mice deficient in type I IFN response [71]. The authors concluded that local high-
dose radiotherapy initiated innate and adaptive immune attack cascades on the tumor through the
type I IFN pathway.

6. Role of cytokines post chemo- or radio-therapy

In tumors, the cytokine response to chemotherapy or radiation serves several functions. First,
pro-inflammatory cytokines such as TNF-a, IL1, and IL6 promote tumor cell death and inhibit tumor
growth [72]. In tumor cells, these cytokines induce apoptosis, or programmed cell death, leading to
a decrease in tumor mass. Second, pro-inflammatory cytokines attract immune cells to the tumor site
and enhance their anti-tumor activity [73]. Third, cytokines modulate the immune response by
promoting the differentiation and activation of immune cells [74]. Fourth, cytokines promote
angiogenesis by stimulating the production of growth factors that induce the formation of new blood
vessels in the tumor microenvironment [75]. Taken together, these cytokines can have pro-
inflammatory effects, leading to tumor cell death, inhibition of tumor growth, attraction of immune
cells to the tumor site, enhancement.


https://doi.org/10.20944/preprints202311.1512.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 November 2023 doi:10.20944/preprints202311.1512.v1

The reports briefly presented above point to the complex cytokine responses induced by
chemotherapy and radiotherapy of diverse types of cancer. Elevated levels of specific cytokines may
be associated with poor or favorable clinical outcomes; others may serve as potential theranostic
biomarkers for treatment responses (Figure 2). Understanding the interplay between cytokines and
receptors, cells of origin, and cancer therapy could lead to the development of new therapeutic
approaches and personalized treatment strategies to improve patient outcomes. Further research in
this field will uncover additional cytokine-related mechanisms and targets to enhance the efficacy of
cancer treatment.

Pre-therapy Therapy Post-therapy
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@ + Side effects

1°Tumor

Cancer
Mesenchyme
Endothelial
Immune
Neuroendocring

* Cell death
Basal cytokines & levels Intervention-induced Mediator cytokines &
cytokines & levels pathways Foreonalized/
‘ ‘ ‘ Precision targeting
Diagnostic/Prognostic Monitoring Clinical outcome
L ]
L )
Theranostic Instructive
Biomarkers Biomarkers

Figure 2. Post-therapy Instructive Biomarkers as potential targets for personalized precision
approach.

7. Challenges in cytokine-directed precision approach

Unlike a pharmacogenomics approach to precision medicine, in which primarily genomic
information is used to establish the choice of patients, cytokine response to any cancer drug may not
be directly predictable from the patient genomic sequence. However, in a precision medicine
approach, a specific cytokine response or pathway may be selectively or non-selectively triggered,
enhanced, or suppressed, independently of the gene or transcript. Although cytokines or similarly
functioning molecules induced by chemo- or radiotherapy may be considered for precision or
personalized medicine, challenges inherent to cytokine biology and functions remain. Most cytokines
are produced in small amounts, most act locally, and some of their functions may be transient [62].
Moreover, the ultimate biological outcomes of cytokine response may depend on the net additive or
competitive functions of factors within the solid-tumor microenvironment space and time. Since the
protocols and sensitivities of the methods to measure cytokines vary, across-the-board
standardization or interpretation of results will pose challenges. Further, cytokines measured after
therapy need to be calibrated against the downstream pathways activated by the trigger (therapy),
to show their functional relevance as actionable biomarkers. Due to the overlaps and redundancies
in cytokine-receptor interactions, as well as to conditional tumor promoting or suppressive dual roles
of some cytokines, challenges will remain in predicting which outcome would dominate after
therapeutic stress is induced in tumors. With these in mind, studies on cytokines as ‘instructive
biomarkers’ to enhance cancer therapy need to be designed. Fortunately, advances in multi-omics
and sensitive analytical methods could enable us to overcome such challenges.

Conclusion

With the advent of muti-omics platforms and technologies, the use of genomics-based cancer
precision medicine can now be complemented with cytokine- or related protein-based clinical
decision strategies to find which patients could benefit from a secondary intervention after initiation
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of cancer therapy. This approach could open new avenues for the treatment of solid tumors for which
options are limited, or for which low response rates or recurrences after chemotherapy or radiation
hamper success. Maps of cytokine profiles in an individual’s tumor specimen or liquid biopsy, with
serial comparisons pre- and post-therapy, could guide rational and targeted intervention, which is
the central tenet of precision medicine.
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