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Abstract: The tumor microenvironment (TME) plays a major role in cancer progression, immune evasion, and
resistance to immunotherapy. Coumarins, a structurally diverse class of natural and synthetic compounds, have
attracted increasing attention because of their anticancer, anti‑inflammatory, antioxidant, and immunomodulatory
properties, suggesting potential applications in TME‑oriented cancer immunotherapy. This review aimed to sum‑
marize the immunotherapeutic potential of natural and synthetic coumarin derivatives in modulating TME and en‑
hancing anticancer immune responses. A narrative review of the literaturewas conducted focusing on the effects of
coumarin derivatives on immune‑cell regulation, immune checkpoint signaling, angiogenesis, extracellular matrix
remodeling, metabolic reprogramming, and hypoxia‑related pathways within TME. Evidence from preclinical stud‑
ies involving natural and synthetic coumarins was critically evaluated. Preclinical findings indicate that coumarin
derivatives can modulate several components of TME by promoting M1 macrophage polarization, activating den‑
dritic cells and natural killer cells, enhancing T‑cell–mediated immunity, and suppressing immunosuppressive cell
populations such as regulatory T cells and M2 macrophages. Several coumarins also demonstrated the ability to
inhibit tumor glycolysis, attenuate hypoxia‑associated immune resistance, normalize angiogenesis, and regulate in‑
flammatory signaling pathways. Synthetic coumarins showed additional promise through structural optimization
and targeted delivery approaches, while their potential complementary effects with immune checkpoint inhibitors
remain to be established experimentally. However, available evidence remains limited, and furthermechanistic and
translational investigations are required. Natural and synthetic coumarins represent promisingmultifunctional im‑
munomodulators capable of reshaping TME and improving anticancer immune responses. Their diverse biological
activities support their future development as adjuncts or enhancers of cancer immunotherapy.
Keywords: Coumarins; TumorMicroenvironment; Cancer Immunotherapy; ImmunomodulatoryAgents;Metabolic
Reprogramming

1. Introduction
An overview of tumormicroenvironment (TME)‑targeted immunotherapy is presentedwith particular empha‑

sis on the potential roles of natural and synthetic coumarin derivatives. This review summarizes the fundamental
characteristics of TME and the cancer–immunity cycle, highlighting the functions of major immune components, in‑
cluding T lymphocytes, dendritic cells (DCs), macrophages, and natural killer cells (NKs), togetherwith the immune
checkpoints that regulate antitumor responses. In addition, coumarin derivatives with the potential to influence
immune signaling, intercellular communication, hypoxia, angiogenesis, and extracellular matrix (ECM) remodeling
are critically discussed.
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Cancer remains the second leading cause ofmortalityworldwidedespitemajor advances in diagnosis and treat‑
ment. In recent years, immunotherapy has emerged as one of the most promising therapeutic strategies because it
can produce more durable and selective antitumor responses than conventional approaches such as chemother‑
apy and radiotherapy [1]. However, the effectiveness of immunotherapy is strongly influenced by TME, which
can either support immune‑mediated tumor elimination or promote immune evasion and therapeutic resistance.
Consequently, considerable attention has been directed toward developing strategies capable of overcoming TME‑
associated immunosuppressive barriers and restoring effective immune surveillance [2].

Within this context, coumarins have attracted increasing scientific interest. These naturally occurring or syn‑
thetically modified oxygen‑containing bicyclic aromatic compounds represent one of the largest and most struc‑
turally diverse classes of phytochemicals [3]. Numerous studies have demonstrated that coumarins possess a
broad spectrum of biological and pharmacological activities, including anti‑inflammatory [4], antioxidant [5], anti‑
cancer [6], anti‑hyperlipidemia [7], anti‑obesity [8], and immunomodulatory effects [9]. Several coumarin deriva‑
tives have been shown to regulate immune responses by modulating the activity and distribution of key immune
cell populations, and specific structural characteristics appear to contribute to these immunological effects [10].
Furthermore, some coumarins exhibit prolyl hydroxylase inhibitory activity, which may alleviate hypoxia‑driven
immunosuppression within TME and thereby enhance the efficacy of immunotherapeutic interventions [11]. Ac‑
cordingly, this review examines selected natural and synthetic coumarins that may influence immune activation,
promote immune cell–cell interactions, regulate angiogenesis and hypoxic signaling, or modify ECM dynamics. The
available evidence is interpreted in light of current diagnostic and therapeutic concepts related to immune check‑
point regulation and tumor‑associated immunostimulatory or immunosuppressive mechanisms.

Literature Search Strategy and Study Selection

A narrative literature search was conducted to identify relevant studies investigating the immunomodula‑
tory and anticancer properties of natural and synthetic coumarin derivatives, with particular emphasis on their
effects within the tumor microenvironment and their potential relevance to cancer immunotherapy. The literature
searchwas performed using PubMed/MEDLINE, Scopus, andWeb of Science databases. Publications available from
database inception until March 2026 were considered.

The search strategy included combinations of keywords and Medical Subject Headings terms related to co‑
umarins, tumor biology, and immune regulation. The main search terms included “coumarin”, “coumarin deriva‑
tives”, “natural coumarins”, “synthetic coumarins”, “tumor microenvironment”, “cancer immunotherapy”, “immune
checkpoint”, “immune modulation”, “macrophage polarization”, “dendritic cells”, “natural killer cells”, “T cells”, “an‑
giogenesis”, “hypoxia”, “metabolic reprogramming”, and “extracellular matrix remodeling”. Additional relevant pub‑
lications were identified through manual examination of reference lists from selected articles.

Studies were selected based on their relevance to the objectives of this review. Included studies comprised
experimental investigations evaluating the effects of coumarin‑based compounds on cancer‑associated immune
mechanisms, tumor‑associated immune cells, immune signaling pathways, or other components of the TME. Both
in vitro and in vivo preclinical studies were considered, together with available clinical evidence when relevant.
Studies unrelated to cancer immunology, publications lacking mechanistic insights, duplicate records, and non‑
English articles were excluded. The identified literature was critically analyzed and organized according to the
major mechanisms through which coumarins may influence tumor immunity, including immune‑cell modulation,
immune checkpoint regulation, angiogenesis, ECM remodeling, hypoxia‑associated pathways, andmetabolic repro‑
gramming.

To ensure consistent interpretation of the graphical summaries, common terminology, abbreviations, sym‑
bols, and visual conventions were applied across the figures. Where mechanistic relationships are depicted, ex‑
perimentally supported effects are distinguished from proposed or indirect pathways. Solid connections denote
relationships supported by the experimental evidence discussed in the text, whereas dashed connections indicate
mechanistically plausible or hypothesis‑generating relationships that require further validation.

2. Conceptual Framework: TME and Immunotherapy
TME, as illustrated in Figure 1, has reshaped the traditional view of tumors as isolated masses of malignant

cells. Instead, tumors are nowrecognized as dynamic andhighly interactive ecosystems inwhich cancer cells contin‑
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uously communicate with stromal, vascular, and immune components through metabolic, molecular, and inflam‑
matory signaling networks. These reciprocal interactions critically influence whether tumor immunogenicity is
sufficient to initiate and sustain the cancer‑immunity cycle [12]. Accordingly, coumarin derivatives have attracted
growing attention because of their ability tomodulatemultiple cellular andmolecular componentswithin TME [13].
Their immunomodulatory, anti‑inflammatory, antioxidant, and signaling‑regulatory properties suggest that they
may serve as promising agents for remodeling TME and enhancing the efficacy of cancer immunotherapy [14]. Un‑
derstanding the dual roles of tumor‑promoting and tumor‑restraining elements within TME is therefore essential
for evaluating the therapeutic potential of coumarins in the context of immune‑oriented anticancer strategies [15].

Figure 1. Overview of TME and its cellular interactions in cancer progression and antitumor immunity.

The cancer‑immunity cycle describes the sequential events required for an effective antitumor immune re‑
sponse, beginning with the release of tumor‑associated antigens and culminating in the recognition and elimina‑
tion of malignant cells by cytotoxic immune effectors [16]. However, tumors frequently evade immune destruction
through the activation of immune checkpoint pathways and the establishment of an immunosuppressive TME [17].
Numerous natural and synthetic coumarin derivatives have been reported to influence immune checkpoint signal‑
ing, cytokine production, oxidative stress, and inflammatory pathways, thereby supporting their potential role as
modulators of different stages of the cancer‑immunity cycle [18]. Importantly, coumarins may also contribute to
overcoming TME‑associated barriers that limit immune cell infiltration, activation, and persistence. In this regard,
TME often represents a major obstacle to effective anticancer immunity, despite the intrinsic capacity of the im‑
mune system to recognize malignant cells [19].

Within TME, immune cells can exert either tumor‑promoting or tumor‑suppressive functions, as displayed in
Figure 2, depending on their phenotype, activation status, and local signaling conditions. Antitumor immune pop‑
ulations, including CD8+ cytotoxic T lymphocytes, NKs, DCs, and M1‑polarized macrophages, contribute to tumor
elimination through direct cytotoxicity, antigen presentation, and the production of pro‑inflammatory cytokines
such as interferon‑γ (IFN‑γ) and tumor necrosis factor‑α (TNF‑α). In contrast, protumor immune components—
including regulatory T cells (Tregs), myeloid‑derived suppressor cells, M2‑polarizedmacrophages, and tolerogenic
DCs—promote immune evasion, angiogenesis, tumor growth, and metastatic progression by suppressing effector
immune responses and generating an immunosuppressive cytokine milieu [20]. The balance between these op‑
posing immune populations largely determines whether TME remains immunologically “hot” and responsive to
therapy or becomes “cold” and resistant to immune‑mediated destruction [21], as shown in Figure 3. Emerging
evidence suggests that coumarin derivatives may influence this balance by suppressing immunosuppressive cell
populations while enhancing the activity of cytotoxic and antigen‑presenting immune cells, thereby supporting a
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more favorable antitumor microenvironment [22].

Figure 2. Protumor and antitumor immune cell populations within TME.

Figure 3. Characteristics of hot and cold tumors based on TME cellular features.

To provide a coherent framework for evaluating these multifaceted effects, the subsequent discussion is orga‑
nized across complementary chemical, biological, and translational dimensions. Natural coumarins are first consid‑
ered according to their chemical diversity and biological properties, followed by synthetic derivatives with empha‑
sis on structure–activity relationships and pharmacological optimization. Coumarin‑mediated TME regulation is
then examined by distinguishing direct effects on immune‑cell populations from modulation of non‑immune com‑
ponents, including tumormetabolism, hypoxia, angiogenesis, and extracellularmatrix remodeling. Finally, delivery
and potential combination strategies are integrated with a critical appraisal of preclinical evidence, safety, pharma‑
cokinetic limitations, and the principal barriers to clinical translation.

3. Chemical Classes and Biological Diversity of Natural Coumarins
Coumarins are a diverse group of naturally occurring compounds widely distributed in flowering plants and

characterized by remarkable structural variability and broad biological activity [23]. Simple coumarin scaffolds
are commonly biosynthesized by lower plants, whereas structurally more elaborate coumarins bearing multiple
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substitutions are found in both lower and higher plant species [24]. In contrast, coumarins produced by fungi and
microorganisms are generally less abundant but often possess greater structural complexity [25]. Pharmacologi‑
cally, coumarins exhibit a wide spectrum of activities, including anticancer [26], antifungal [27], antiviral [28], anti‑
Alzheimer’s [29], anti‑inflammatory [30], and antibacterial [31] effects. Nevertheless, growing attention has been
directed toward their immunological properties, particularly their roles as immunomodulatory agents, immune‑
supportive compounds, and therapeutic adjuvants [32]. In the context of TME‑oriented immunotherapy, naturally
occurring coumarins can be broadly classified into three principal categories: simple coumarins, hydroxylated
coumarins, and those containing more complex substitution patterns [33].

Many natural coumarin derivatives have demonstrated considerable potential in restoring immune balance
and enhancing antitumor immune responses. Evidence indicates that they can improve the functional activity of
DCs, NKs, T lymphocytes, and macrophages, while also modulating the expression of immune checkpoint proteins
and enhancing vaccine‑mediated immunity [34]. In addition, coumarins may facilitate the activation and matura‑
tion of both T‑cell and B‑cell responses, thereby strengthening the tumor immunity–cancer cycle [35]. Collectively,
these findings highlight coumarins as valuable molecular templates for the development of synthetic immunother‑
apeutic agents. Their structural diversity provides a robust platform for rational drug design and systematic ex‑
ploration of chemical modifications aimed at optimizing coumarin‑based immunomodulatory activity within the
TME [36].

3.1. Simple Natural Coumarins
These compounds are characterized by a benzopyran‑2‑one core structure and share biosynthetic origins

with flavonoids through the broader phenylpropanoid pathway, although their downstream biosynthetic routes
diverge [37]. Among the naturally occurring immunomodulatory coumarins, scopoletin and umbelliferone, with
chemical structures displayed in Figure 4, are considered two of the most prominent bioactive representatives.
Scopoletin primarily exerts its immunomodulatory effects within the macrophage–tumor cell interaction axis [38],
whereasumbelliferonehasbeenassociatedwith the regulationofT‑cell–mediated antitumor responses [39]. In con‑
trast, simple coumarins arise fromalternative branches of coumarinmetabolism and are associatedwith distinct bi‑
ological activities [40]. Recent studies have demonstrated that the simple coumarin derivatives 4‑hydroxycoumarin
andhymecromone (Figure4) can induce apoptosis in senescentT cells throughactivationof caspase‑3‑ and caspase‑
9‑dependent pathways. This pro‑apoptotic effect is believed to involve complex interactions between senescence‑
associated secretory phenotypemediators and immune regulatory signaling networks [41]. By facilitating the elim‑
ination of dysfunctional senescent T cells that release immunosuppressive and tumor‑promoting soluble factors,
these coumarins may help attenuate immune evasion within TME [42]. Such findings further support the poten‑
tial application coumarin and its related derivatives as adjuvant agents in immune checkpoint–based cancer im‑
munotherapy.

Figure 4. Chemical structures of selected natural immunoactive simple coumarins, highlighting the coumarin core
scaffold in blue.
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3.2. Mechanisms of Action Relevant to TME
Coumarins can influence multiple interconnected pathways within TME, extending their biological effects be‑

yond direct tumor‑cell cytotoxicity. Available evidence encompasses immune‑cell regulation, inflammatory signal‑
ing, tumor metabolism, vascular remodeling, hypoxia‑associated pathways, and stromal organization. These mech‑
anisms are considered systematically in the subsequent sections according to their direct immune, non‑immune
microenvironmental, and translational relevance [43–45].

The antitumor effects of coumarins are closely associated with their capacity to influence key components
of TME, including immune checkpoint pathways, stromal and vascular elements, metabolic networks, and inflam‑
matory signaling cascades. Through these interactions, coumarins have demonstrated the capacity to influence im‑
mune recognition pathways and effector immune functions in experimentalmodels; however, whether thesemolec‑
ular effects translate into clinicallymeaningful enhancement of antitumor immunity remains to be determined [46].
The diverse molecular targets affected by coumarins highlight their ability to address multiple barriers that limit
effective immune‑mediated tumor elimination. Consequently, coumarin‑based modulation of TME represents a
promising and multifaceted strategy for the development of next‑generation anticancer therapeutics [47].

Despite these promising observations, the interpretation of coumarin‑mediated TME modulation requires
careful consideration of experimental context. Many reported immunological effects have been obtained using
isolated immune‑cell systems, inflammatory models, or cancer cell lines rather than intact immune‑competent tu‑
mormodels. Therefore, enhancement of immune‑related signaling pathways or alteration of cytokine profiles does
not necessarily indicate a clinically meaningful improvement in antitumor immunity. Differences in experimental
design, including compound concentration, exposure duration, cellular background, and selection of immune end‑
points,may contribute to variability among reported findings. Consequently, the therapeutic relevance of individual
coumarin derivatives should be evaluated according to the strength and translational relevance of the supporting
evidence [48].

To facilitate interpretation of this heterogeneous evidence base,Table 1 summarizes the experimental context
supporting each proposed TME‑related effect, including the compound type, experimental system or tumor model,
pharmacological exposure where available, major immune or mechanistic endpoints, combination treatment, and
level of evidence. Importantly, therapeutic relevance is distinguished from experimentally demonstrated treatment
benefit; effects inferred from isolated immune‑cell systems, cancer cell lines, or pathway‑based studies are there‑
fore described as mechanistic or hypothesis‑generating rather than as established immunotherapeutic efficacy.

Table 1. Experimental evidence supporting TME–relevant immunomodulatory effects of selected coumarin deriva‑
tives.

TME‑Related Mechanism Immunological Effect(s) Coumarin Derivatives Therapeutic Significance Evidence Level/Model Ref.

M1macrophage
polarization

Promotes pro‑inflammatory
macrophage phenotype and
enhances antitumor cytokine
production

Scopoletin, esculetin, and
osthole

Enhances tumoricidal immune activity
and reduces immunosuppressive
macrophage populations

Stimulated macrophage‑based systems;
direct immunomodulatory evidence,
with limited validation in
tumor‑associated models

Jayasingam et al. [49],
Ouyang et al. [50], Chen et
al. [51]

DC activation and
maturation

Increases antigen presentation
and T‑cell priming through
upregulation of MHC‑II and
co‑stimulatory molecules

Umbelliferone and
hymecromone

Improves initiation of the
cancer‑immunity cycle and strengthens
adaptive immunity

DC culture systems and engineered
delivery platforms; direct
immunomodulatory/preclinical
evidence, with limited tumor‑associated
validation

Kim et al. [52], Li et
al. [53]

NK stimulation Enhances NK cell cytotoxicity
and secretion of IFN‑γ and TNF‑α

Umbelliferone and
imperatorin

Promotes direct elimination of tumor
cells and amplifies innate immune
surveillance

NK‑cell functional assays and
immune‑cell activation studies; direct
immunomodulatory evidence

Kornicka et al. [54],
Rodrigues et al. [55]

Treg cell suppression Reduces immunosuppressive
signaling within TME 4‑Hydroxycoumarin

Restores effector T‑cell activity and
improves responsiveness to
immunotherapy

T‑cell activation and immune‑signaling
studies; mechanistic/direct
immunomodulatory evidence

Bajaj et al. [56]

Th1/Th17 immune
polarization

Favors pro‑inflammatory T‑cell
responses over tolerogenic
pathways

Esculetin, daphnetin, and
fraxetin

Enhances cytotoxic immune responses
against tumor cells

Cellular immune models; direct
immunomodulatory evidence, with
limited tumor‑associated validation

Chen et al. [57], Zhang et
al. [58], Mazumder et
al. [59]

Induction of senescent
T‑cell apoptosis

Activates caspase‑3 and
caspase‑9 pathways in
dysfunctional T cells

4‑Hydroxycoumarin and
hymecromone

Eliminates senescent
immunosuppressive cells and limits
tumor‑promoting inflammation

Senescent T‑cell experimental systems;
mechanistic/direct cellular evidence

Liu et al. [60], Hosseini et
al. [61]

Immune checkpoint
modulation

Alters immune checkpoint
signaling and associated cytokine
networks

7‑Geranyloxycoumarin

Provides a mechanistic rationale for
possible combination with immune
checkpoint modulation; direct
combination benefit has not been
established

Mechanistic studies and limited
preclinical observations;
hypothesis‑generating evidence

Hosseini et al. [61]

Inhibition of tumor
glycolysis

Reduces glucose consumption
and lactate production in tumor
cells

5‑Methoxy‑6‑hydroxy‑7‑
hydrosulfonylcoumarin
and 3‑
hydroxymethylcoumarin
derivatives

Counteracts the Warburg effect and
alleviates metabolic
immunosuppression

Cancer‑cell metabolic models;
mechanistic/pathway evidence without
direct demonstration of
immune‑mediated tumor control

Ji et al. [62], Zhou et
al. [63]

103



Trends in Immunotherapy | Volume 10 | Issue 03

Table 1. Cont.

TME‑Related Mechanism Immunological Effect(s) Coumarin Derivatives Therapeutic Significance Evidence Level/Model Ref.

Regulation of hypoxia
signaling

Attenuates hypoxia‑associated
immune resistance and
HIF‑mediated pathways

Esculetin
Enhances immune‑cell infiltration and
improves antitumor immune
persistence

Cancer‑cell and pathway‑based models;
mechanistic/pathway evidence Yang et al. [64]

Angiogenesis
normalization

Modulates endothelial‑cell
proliferation and vascular
remodeling

Osthole, fraxetin, and
7‑ethoxycoumarin
derivatives

Improves immune‑cell access to tumors
and reduces aberrant
neovascularization

Endothelial‑cell assays and
angiogenesis models;
mechanistic/preclinical evidence

Yao et al. [65], Guo et
al. [66], Ionescu et al. [67]

ECM remodeling Influences MMP activity and
stromal organization Psoralen and bergapten Facilitates immune‑cell infiltration and

restricts metastatic progression
ECM‑remodeling and
metastasis‑related models;
mechanistic/preclinical evidence

Fan et al. [68], Du et
al. [69]

Modulation of
inflammatory signaling
pathways

Regulates NF‑κB, PI3K/Akt,
ERK1/2, and JNK signaling

Scopoletin, esculetin,
daphnetin, and auraptene

Coordinates immune activation and
suppresses tumor‑supportive
inflammation

Inflammatory and cancer‑signaling
models; mechanistic/direct
immunomodulatory evidence

Sakthivel et al. [70], Ma et
al. [71], Wei et al. [72]

Note: Evidence classification reflects the current level of experimental validation. “Direct immunomodulatory evidence” refers to studies evaluating immune‑cell
function or immune‑associated processes. “Preclinical evidence” includes tumor models or engineered immune–tumor systems. “Mechanistic/pathway evidence”
refers to molecular observations that provide biological rationale but have not yet been demonstrated to produce clinically meaningful immunotherapeutic effects.
MHC‑II: Major histocompatibility complex class II, IFN‑γ: Interferon‑gamma, HIF: Hypoxia‑inducible factor, PI3K/Akt: Phosphoinositide 3‑kinase/protein kinase
B signaling pathway, ERK1/2: Extracellular signal‑regulated kinase 1/2, JNK signaling: c‑Jun N‑terminal kinase signaling pathway, PD‑1: Programmed cell death
protein 1, MMP: Matrix metalloproteinase.

3.3. Immunomodulatory Effects in Preclinical Models
The combined use of naturally derived coumarins with complementary immunomodulatory properties, ad‑

ministered over prolonged periods alongside therapeutic cancer vaccines or oncolytic viruses, may strengthen
antitumor immune activation in preclinical models [73]. Improved therapeutic outcomes have been associated
with increased infiltration of CD4⁺ and CD8⁺ T lymphocytes, enhanced polarization ofmacrophages toward the pro‑
inflammatory M1 phenotype [74], reduced populations of immunosuppressive M2 macrophages, and decreased
expression of transforming growth factor‑β within tumor tissues [75]. In addition, strategies aimed at selectively
targeting TME can further improve T‑cell effector activity. For example, engineered exosomal delivery systems in‑
corporating a coumarin‑coated zeolitic imidazolate framework‑8 prodrug andα‑lipoic acid achieved high local drug
accumulation and enhanced the efficacy of cancer immunotherapy [76].

Coumarins also exhibit the capacity to regulate DC polarization toward an immunogenic M1‑like phenotype,
highlighting their potential utility as immunoadjuvant agents. Manynatural coumarinderivativespossessingplatelet‑
activating factor receptor agonistic activity have been shown to markedly influence the growth, morphology, and
lipid composition ofMycobacteriumbovis [77]. Furthermore, suppression of the immunoregulatory cytokines IL‑10
and transforming growth factor‑β promotedTh1‑mediated immune responses, whereas certain coumarins strongly
enhanced Th2‑associated immune activity [78]. Beyond cytokine modulation, coumarins can influence several in‑
tracellular signaling cascades involved in T‑lymphocyte function, including the ERK1/2, JNK, and PI3K/Akt path‑
ways, all of which are critical for lymphocyte development, activation, and immune regulation [79].

Several structurally distinct coumarin derivatives have also demonstrated direct effects on immune cell survival
and proliferation. Simple coumarins containing an exocyclic double bond significantly inhibited the activity of a mi‑
tochondrial porin associated with T‑cell apoptosis, an effect that could be reversed by m‑bromobenzylamine [80].
In another study, flavonoid‑like coumarins bearing a benzo[c]chromene‑4‑one scaffold displayed marked cytotoxic
activity against lymphocytes and DCs in a trinitrophenyl‑fluorescein isothiocyanate‑induced mouse model [81]. Con‑
versely, an unsymmetrically substituted coumarin derivative enhanced splenic lymphocyte proliferation, primarily
through activation of the transcription factors activator protein‑1 and NF‑κB, both of which are central regulators of
immune‑cell activation and inflammatory signaling [82].

4. Synthetic Coumarins: Structure–Activity Relationships, Optimization, and Therapeu‑
tic Strategies
Synthetic coumarin derivatives have been extensively developed and refined as immunotherapeutic agents

targeting TME, either as standalone therapies or in combination with other anticancer approaches [83]. Consid‑
erable attention has been directed toward understanding the structure–activity relationships of these compounds,
allowing researchers to identify specific substituents, linker systems, and pharmacophoric features that enhance
their immunomodulatory properties [84]. Several coumarins that demonstrated promising antitumor and TME–
modulating activities in preclinical studies are believed to exert at least part of their effects through immune‑related
mechanisms. Initially, however, the development of these molecules primarily focused on their influence on other
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hallmarks of cancer, rather than on direct immune modulation [85]. More recent studies have shifted toward the
intentional design of synthetic coumarins capable of activating or reprogramming immune responses within TME.
In this context, structure–activity relationship analyses have become valuable tools for guiding the rational devel‑
opment of coumarin‑based immunomodulators [86]. Such compounds may represent candidates for further de‑
velopment as monotherapies or adjunctive agents with immune checkpoint inhibitors; however, their therapeutic
efficacy and clinical applicability remain to be established [87].

4.1. Structure–Activity Relationships in the Context of Immune Modulation
The rational design of coumarin‑based immunomodulators depends on a systematic understanding of their

structural characteristics and corresponding biological activities [88]. In particular, both the position and elec‑
tronic properties of substituents on the coumarin scaffold play critical roles in regulating immune responses [89].
These modifications can influence cytokine production and release by immune cells, as well as the expression of
co‑stimulatory and immunoregulatory molecules in DCs and macrophages [90]. Coumarin derivatives containing
a secondary amino group within the linker region often exhibit enhanced immunomodulatory effects, suggesting
that this structural feature contributes positively to biological activity [91]. In addition, the length and composi‑
tion of the connecting chain significantly affect pharmacological behavior. This has been demonstrated in several
3‑benzodioxole‑coumarin analogs with varying linker sizes, which display characteristic pharmacophoric arrange‑
ments [92]. Such arrangements commonly include an N‑acetyl or N‑carboxamide moiety attached to a coumarin
aromatic ring through a three‑carbon spacer, or alternatively, a substituted glucose‑like side chain [93]. Collectively,
these structural parameters provide valuable guidance for the development and optimization of coumarin‑derived
immunotherapeutic agents.

4.2. Delivery Approaches and Pharmacokinetic Considerations
Drug delivery strategies play a pivotal role in shaping the pharmacokinetic behavior of synthetic coumarins,

ultimately influencing their tissue distribution and local concentrations within TME [94]. These characteristics
are critical for regulating immune cell activity and enhancing antitumor immune responses. From a metabolic
perspective, the therapeutic performance of coumarin derivatives largely depends on improving bioavailability and
achieving selective tumor targeting while minimizing systemic and off‑target exposure [95]. Such objectives can be
achieved through the development of prodrug systems [96] and nanocarrier‑based formulations [97]. In addition,
increasing the lipophilicity of coumarin molecules or conjugating them with tumor‑targeting ligands can further
enhance tumor accumulation and prolong retention at the disease site [98].

Several coumarin‑based prodrug systems have demonstrated promising therapeutic potential. One example
involves a coumarin derivative incorporating the 2,5‑bis(trifluoroamido)‑1‑benzothiazole‑4‑sulfonamide pharma‑
cophore. This compound functioned as an efficient prodrug, remaining pharmacologically inactive in its original
form but undergoing metabolic conversion in vitro to release the active therapeutic moiety [99]. Another notable
derivative was generated by introducing a lipoic acid amide at the C3 position of the coumarin scaffold through an
ester linkage. Intravenous administration of this compound significantly improved the efficacy of immune check‑
point modulation therapy in a murine B16F10 melanoma model [100]. Furthermore, biodistribution studies in
healthy mice and whole‑body autoradiography demonstrated markedly greater tumor accumulation and retention
compared with the parent coumarin compound [101].

4.3. Potential Combination with Existing Immunotherapies
Combining coumarinderivativeswith established immunotherapies represents amechanistically plausible but

insufficiently validated therapeutic strategy. Coumarins can influence several processes that determine responsive‑
ness to immune checkpoint modulation, including T‑cell activation, antigen presentation, macrophage polarization,
inflammatory signaling, tumor metabolism, hypoxia, and immune‑cell infiltration [102]. These activities provide
a rationale for investigating coumarins as complementary agents alongside immune checkpoint inhibitors. How‑
ever, the evidence identified in the literature reviewed here does not establish formal pharmacological synergy
between coumarin derivatives and anti‑PD‑1, anti‑PD‑L1, or anti‑CTLA‑4 therapy. Most available observations con‑
cern modulation of checkpoint‑associated pathways or other components of the tumor microenvironment rather
than direct evaluation of coumarin–checkpoint inhibitor combinations [103]. Accordingly, the current evidence
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should be interpreted as supporting a potential complementary effect or possible combination benefit rather than
demonstrated synergy. Dedicated studies incorporating coumarin monotherapy, checkpoint inhibitor monother‑
apy, and combination‑treatment arms will be required to determine whether such interactions are additive, syn‑
ergistic, or potentially antagonistic [104]. Notably, no convincing study identified in the literature reviewed here
formally demonstrated pharmacological synergy between a coumarin derivative and anti‑PD‑1, anti‑PD‑L1, or anti‑
CTLA‑4 therapy.

Optimizing the delivery of coumarin‑based compounds can further strengthen their immunomodulatory ef‑
ficacy. For instance, coumarin conjugates containing mannosamine derivatives, as illustrated in Figure 5, have
been developed to improve selective targeting of DCs, thereby enhancing antigen presentation and immune acti‑
vation [105]. Similarly, adenylated isocoumarin derivatives have demonstrated improved immunogenic properties
through activation of Toll‑like receptor 7 [106]. In addition, several coumarin analogs have been engineered tomax‑
imize localized immunostimulatory effects while minimizing systemic toxicity and unintended immunosuppres‑
sive actions [107]. These strategies may be particularly beneficial during the early phases of tumor development,
when the spatial separation between stromal and tumor compartments permits more selective therapeutic inter‑
vention. Conversely, certain coumarin‑derived molecules that exhibit concentration‑dependent immunomodula‑
tory behavior—shifting from immunosuppressive to immunostimulatory activity at higher concentrations—could
be advantageous in advanced stages of tumor progression [108]. Such properties may help restore the cancer–
immunity cycle, enhance immune‑mediated tumor clearance, and ultimately contribute to reducing tumor burden.

Figure 5. Coumarin‑derived immunomodulatory conjugates targeting DC activation and TME remodeling in cancer
immunotherapy.

Importantly, the concept of combining coumarinderivativeswith immunecheckpoint inhibitors remains largely
hypothetical and is supported mainly by mechanistic rationale and limited preclinical observations. Current evi‑
dence does not establish coumarins as clinically validated checkpoint modulators or immunotherapy sensitizers.
Therefore, reported effects on checkpoint‑related pathways should be interpreted as preliminary molecular obser‑
vations that require confirmation in immunocompetent tumor models, pharmacokinetic–pharmacodynamic stud‑
ies, and ultimately well‑designed clinical trials. Future investigations should also determine whether coumarin‑
mediated immunemodulation provides additive or synergistic benefit when combinedwith approved immunother‑
apeutic strategies.

4.4. ComparativePharmacological andTranslational Profiles ofNatural and Synthetic Coumarins
Although natural and synthetic coumarins share the benzopyrone scaffold and can influence overlapping com‑

ponents of the TME, their pharmacological and translational profiles are not equivalent (Table 2). Natural co‑
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umarins provide substantial chemical diversity generated through biosynthetic substitution, hydroxylation, preny‑
lation, methoxylation, and ring fusion, and several members exhibit pleiotropic activity across inflammatory,
metabolic, vascular, and immune‑regulatory pathways. This multitarget behavior may be advantageous for remod‑
eling the complex TME; however, naturally occurring compounds are generally constrained by the pharmacoki‑
netic properties of their native structures. Variable aqueous solubility, absorption, metabolic transformation, and
systemic exposure may therefore limit the extent to which promising in vitro immunomodulatory effects can be
reproduced in vivo.

Table 2. Comparative pharmacological and translational characteristics of natural and synthetic coumarins for
TME‑oriented immunotherapy.

Comparative Feature Natural Coumarins Synthetic Coumarins Translational Implication

Structural diversity
Extensive biosynthetic diversity,
including hydroxylated, methoxylated,
prenylated, and fused‑ring derivatives

Structural space can be deliberately
expanded through scaffold
substitution, linker modification,
conjugation, and pharmacophore
incorporation

Natural compounds provide lead
scaffolds; synthetic chemistry enables
systematic optimization

Target selectivity
Frequently pleiotropic, with activity
across inflammatory, metabolic,
immune, and signaling pathways

Selectivity can potentially be
enhanced through
structure–activity‑guided
optimization

Synthetic derivatives may permit
more precise targeting, whereas
natural compounds may favor
multitarget TME modulation

Bioavailability
May be limited by intrinsic solubility,
absorption, metabolism, and
physicochemical characteristics

Can be optimized through structural
modification, prodrug design, and
formulation strategies

Pharmacokinetic optimization may
improve systemic exposure and
therapeutic consistency

Metabolic stability
Determined by the native scaffold and
substitution pattern; metabolic
transformation may limit exposure

Can potentially be improved by
modifying metabolically susceptible
structural features

Rational modification may prolong
effective exposure but requires
metabolite characterization

Tumor accumulation
Generally dependent on intrinsic
biodistribution unless incorporated
into an engineered delivery system

Can be enhanced through increased
lipophilicity, tumor‑targeting ligands,
prodrugs, or nanocarriers

Synthetic design provides greater
opportunities for spatially controlled
TME exposure

Delivery potential
Can serve as active compounds or
payloads within engineered delivery
platforms

Highly adaptable to conjugation,
targeted delivery, prodrug, and
nanocarrier strategies

Synthetic derivatives offer greater
flexibility for cell‑ or tumor‑directed
delivery

Toxicity
Natural origin does not guarantee
safety; toxicity remains structure‑,
dose‑, metabolism‑, and
exposure‑dependent

Structural optimization may reduce
off‑target effects but may also
introduce new toxicological liabilities

Both groups require systematic
pharmacological and toxicological
evaluation

Therapeutic window and
off‑target exposure

Therapeutic window and off‑target
exposure

Therapeutic window and off‑target
exposure

Therapeutic window and off‑target
exposure

Translational feasibility
Attractive as biologically validated
lead scaffolds, but many candidates
remain supported primarily by
preclinical evidence

Greater scope for
medicinal‑chemistry optimization
and formulation, but increased
development complexity may
accompany structural modification

Neither group currently demonstrates
sufficient clinical evidence to
establish translational superiority

Synthetic coumarins offer a complementary development strategy in which the coumarin scaffold can be de‑
liberately modified to optimize target engagement and drug‑like behavior. Alteration of substituent position, elec‑
tronic properties, linker architecture, lipophilicity, and pharmacophoric groups provides opportunities to improve
potency, target selectivity, metabolic stability, and pharmacokinetic performance. Synthetic derivatives can also be
incorporated into prodrugs, ligand‑directed conjugates, and nanocarrier systems designed to increase tumor accu‑
mulation or selectively deliver immunomodulatory cargo to particular components of the TME. Indeed, the delivery
strategies discussed above illustrate how chemical engineering of the coumarin scaffold can extend its function be‑
yond intrinsic pharmacological activity toward spatially controlled immunomodulation [109].

Nevertheless, synthetic optimization does not inherently confer superior translational potential. Increasing
structural complexity may introduce off‑target activity, metabolic liabilities, formulation challenges, or unexpected
toxicity, while extensive chemical modification can increase the burden of preclinical safety characterization. Con‑
versely, the natural origin of a coumarin should not be interpreted as evidence of greater safety, because toxicity
is determined by molecular structure, dose, exposure, metabolism, and target profile rather than source alone. Im‑
portantly, neither class currently possesses sufficient clinical evidence to establish superiority for TME‑oriented im‑
munotherapy. Natural coumarins may therefore be viewed primarily as biologically diverse scaffolds and sources
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of mechanistic leads, whereas synthetic derivatives provide opportunities for rational optimization and targeted
delivery. Future head‑to‑head pharmacokinetic, pharmacodynamic, biodistribution, toxicity, and efficacy studies
in immunocompetent tumormodels will be necessary to determinewhether these theoretical differences translate
into meaningful therapeutic advantages [110].

5. Immune and Non‑Immune Modulation of the TME by Coumarins
Coumarins and related bioactivemolecules have emerged as promisingmodulators of TME that plays a central

role in determining both intrinsic tumor immunogenicity and the efficacy of anticancer interventions, particularly
immune checkpoint inhibitors [111]. Effective activation of the cancer–immunity cycle depends on the coordinated
recruitment and activation of antitumor immune cells while limiting the accumulation of immunosuppressive cell
populations that promote tumor growth and immune evasion [112]. Understanding howcoumarins influence these
interconnected processes may provide valuable opportunities for the development of more effective immunother‑
apeutic strategies. Increasing evidence from both natural and synthetic coumarin derivatives demonstrates their
ability to enhance pro‑immunogenic signaling and support immune effector functions within TME [113].

Coumarins have been shown to regulate multiple aspects of TME architecture and activity. Experimental
studies indicate that these compounds can alter macrophage polarization by suppressing the tumor‑promoting
M2 phenotype while favoring the antitumor M1 phenotype. In addition, coumarins can influence the balance be‑
tween Th1 and Th2 immune responses, thereby shaping cytokine production and immune activation within tu‑
mor tissues [114]. Several coumarin derivatives also modulate the expression and activity of MMPs, contribut‑
ing to reduced ECM degradation and diminished metastatic potential [115]. Moreover, these compounds have
demonstrated the ability to promote vascular normalization, improve the infiltration and cytotoxic activity of tumor‑
infiltrating lymphocytes, and interferewith themetabolic adaptations that sustain tumor survival and immune sup‑
pression [116].

Metabolic reprogramming represents another important target of coumarin‑mediated TMEmodulation. Stud‑
ies suggest that coumarins can affect pathways associated with oxygen consumption, lactate transport, and gly‑
colytic dependency in both cancer cells and stromal compartments. These effects may help reverse the acidic
and hypoxic conditions that typically impair antitumor immunity [117]. In this context, HIFs, particularly HIF‑1α
and HIF‑2α, appear to be important molecular targets influenced by coumarin treatment. Through simultaneous
regulation of immune, vascular, and metabolic pathways, coumarins exhibit considerable potential as multifunc‑
tional agents capable of enhancing tumor immune surveillance and improving the overall effectiveness of cancer
immunotherapy [118].

Lactate accumulation within TME has a profound influence on the behavior and function of immune cells, as
illustrated in Figure 6. Rapid glycolysis in cancer cells leads to excessive lactate production, creating an acidic mi‑
croenvironment that suppresses the activity of cytotoxic T lymphocytes and NKs while promoting the expansion
of immunosuppressive populations such as Treg cells and M2‑like tumor‑associated macrophages [119]. Elevated
lactate levels can also impair DC maturation and antigen‑presenting capacity, thereby weakening antitumor im‑
mune responses. Consequently, metabolic reprogramming driven by lactate not only supports tumor survival and
invasion but also contributes to immune evasion and resistance to immunotherapy [120].

5.1. Direct Immune‑Cell Modulation: Macrophages, Dendritic Cells, T Cells, and NK Cells
Tumor‑associated inflammatory cells are key regulators of cancer development and progression, exerting either

tumor‑suppressive or tumor‑promoting effects depending on their functional phenotype within TME [121]. Among
these immune populations, macrophages have attracted particular attention because of their remarkable plasticity
and their ability to adopt either pro‑inflammatoryor anti‑inflammatory states [122]. Although theM1/M2 framework
is useful for describing experimentally induced macrophage phenotypes, tumor‑associated macrophages exist along
a continuum of activation states; accordingly, the M1 and M2 designations are used here as operational descriptors
rather than as strictly discrete macrophage populations.

Natural and synthetic coumarins have emerged as promising bioactive molecules capable of modulating the
polarization of THP‑1 cell‑derived macrophages stimulated by IFN‑γ or IL‑4. Through this regulatory activity, co‑
umarins can influence the balance betweenM1 andM2macrophage phenotypes and consequently alter the inflam‑
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matory status of TME [123]. M1macrophages generally promote anti‑tumor immunity by stimulating neighboring
T lymphocytes and enhancing cytotoxic immune responses. In contrast, M2‑polarizedmacrophages suppress T‑cell
activity, facilitate tumor growth and metastasis, and are frequently associated with poor clinical outcomes [124].
In breast cancer, the expression of CD68 and CD163 has been extensively investigated as markers of macrophage
infiltration and polarization. CD68 is commonly associated with infiltrating macrophages, whereas CD163 is con‑
sidered a characteristic marker of M2 macrophages [125]. In addition, CD16 expression is linked to the antitumor
functions of NKs, including the production of IFN‑γ and TNF‑α as well as the release of perforins and granzymes.
THP‑1 cells also possess the capacity to differentiate into dendritic cells or dendritic cell‑like populations with im‑
portant immunoregulatory properties [126].

Figure 6. Metabolic reprogramming is mediated by coumarin derivatives in TME through the inhibition of lactate
accumulation.
Note: Solid arrows indicate relationships supported by the experimental evidence discussed in the text, whereas dashed arrows indicate proposed or indirect
mechanistic relationships that require further validation. Arrowheads indicate activation or promotion, whereas blunt‑ended lines indicate inhibition.

The infiltration of cytotoxic T lymphocytes and other immune effector cells into TME represents a critical stage
of the cancer–immunity cycle and is essential for the initiation of effective antitumor immune responses. Under
pro‑inflammatory conditions, DCs expressing MHC class II molecules together with co‑stimulatory markers such
as CD80 and CD83 activate T lymphocytes and NK cells, thereby promoting their maturation and cytotoxic activity
against malignant cells [127]. Natural coumarins, particularly those capable of upregulating intercellular adhe‑
sion molecule‑1 and MHC class II expression in DCs, may enhance DC maturation and subsequently support the
activation of tumor‑specific T cells [128]. Previous studies have demonstrated that immature DCs, which express
relatively low levels of CD80, CD83, CD86, and CD40 and produce limited amounts of IL‑12, tend to suppress T‑cell
activation and immune responsiveness. Conversely, mature DCs exhibit enhanced antigen‑presenting capacity and
play a crucial role in stimulating robust anticancer immune responses [129].

5.2. Non‑Immune TMEModulation: ECM Remodeling and Angiogenesis
A growing body of evidence has examined the influence of both natural and synthetic coumarins on endothelial

cell behavior, highlighting their potential roles in the regulation of angiogenesis and ECM remodeling [130]. These
bioactive compounds have attracted considerable interest because of their ability to modulate key components of
the TME, particularly pathways involved in neovascularization and ECM turnover [131]. Aberrant deposition and
degradation of ECM components are hallmark events in the initiation and progression of cancer and fibrotic disor‑
ders [132]. MMPs, which are central regulators of ECM remodeling, are frequently dysregulated under pathological
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conditions, contributing to abnormal angiogenesis and lymphangiogenesis [133]. Several naturally derived com‑
pounds, including coumarin‑based molecules, have demonstrated the capacity to either suppress or enhance MMP
activity depending on the biological context [134].

Coumarin derivatives have also been reported to interferewith tumor‑associatedneovascularization, as shown
in Figure 7, through multiple mechanisms. In endothelial cells, certain coumarins promote apoptotic signaling,
whereas others modulate pathways involved in endothelial migration, proliferation, and tube formation without
directly triggering cell death [135]. Experimental studies have shown that these compounds can influence distinct
stages of the angiogenic cascade, thereby affecting vascular development within TME [136]. Overall, coumarins
and related bioactive molecules appear to regulate angiogenesis through modulation of both pro‑angiogenic and
anti‑angiogenic mediators, ultimately influencing endothelial cell survival, functionality, and ECM dynamics [137].
These findings support the potential therapeutic value of coumarin derivatives asmodulators of tumor progression
and tissue remodeling processes.

Figure 7. Cellular mechanisms through which coumarin derivatives modulate tumor‑associated neovasculariza‑
tion.
Note: Arrowheads indicate activation or promotion, whereas blunt‑ended lines indicate inhibition. Solid connections represent experimentally supported relation‑
ships discussed in the text, while dashed connections indicate proposed or indirect mechanistic relationships requiring further validation.

5.3. Non‑Immune TMEModulation: Metabolic Reprogramming and Hypoxia
Cancer cells frequently undergo profound metabolic reprogramming that distinguishes them from normal tis‑

sues. One of the most recognized alterations is the preferential reliance on glycolysis for energy production even
under oxygen‑rich conditions, a phenomenon known as the Warburg effect. This shift in metabolism promotes
acidification of the TME through excessive lactate accumulation, which in turn suppresses both innate and adap‑
tive antitumor immune responses. At the same time, lactate and pyruvate released by tumor cells may be reuti‑
lized by surrounding stromal and immune cells to sustain oxidative phosphorylation and anabolic processes. Such
metabolic interactions can favor the recruitment and maintenance of immunosuppressive cell populations, includ‑
ing M2‑like macrophages and immune cells characterized by reduced IFN‑γ secretion [138,139].

In recent years, several coumarin derivatives have attracted attention for their potential to counteract these
tumor‑associated metabolic alterations. Certain simple coumarins containing a hygroscopic hydroxymethyl sub‑
stituent at the C‑3 position have demonstrated the ability to sensitize different tumor cell types to oxidative stress.
This activity appears to result from interference with the enzymatic function and expression of glutathione perox‑
idase family proteins [140]. The cytotoxic effects of these compounds are believed to be linked to suppression of
glycolytic metabolism accompanied by enhancement of oxidative phosphorylation. Evidence supporting this mech‑
anism includes reduced glucose uptake, decreased lactate production, and downregulation of genes involved in
glycolysis [141]. Similarly, treatment with 5‑methoxy‑6‑hydroxy‑7‑hydrosulfonylcoumarin (Figure 8) has been re‑
ported to decrease the expression of glucose transporters GLUT1 and GLUT3 in lung cancer cells, thereby limiting
glucose availability required for rapid tumor growth [142].
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Figure 8. Chemical structures of selected coumarin derivatives capable of counteracting tumor‑associated
metabolic alterations.

Targeting tumor glycolysis has also emerged as a promising strategy to improve the efficacy of established
chemotherapeutic agents such as cisplatin and doxorubicin [143]. In this context, 7‑substituted carboxycoumarin
derivatives, aswell as transition‑metal complexes of 4‑methyl‑7‑hydrosulfonyl‑3‑phenylcoumarin‑2‑thiosemicar‑
bazone (Figure 8), have demonstrated the capacity to interfere with tumor‑associated metabolic processes, in‑
cluding monocarboxylate transporter‑mediated lactate flux [144, 145]. These findings suggest that coumarin‑
based molecules may contribute to cancer therapy not only through direct cytotoxicity but also by reshaping
tumor metabolism and immunosuppressive TME.

6. Preclinical Evidence and Translational Barriers
A wide variety of preclinical models have been utilized to evaluate TME‑oriented immunotherapeutic poten‑

tial of both natural and synthetic coumarins. These models include xenograft systems, syngeneic tumor mod‑
els, and chemically induced carcinogenesis models, with immunological assessments covering multiple stages of
the cancer–immunity cycle and experimental durations extending up to 26 weeks [146]. In parallel, coumarin‑
based therapeutic strategies, including TME‑targeted neovaccines, are currently being investigated in clinical set‑
tings [147]. Emerging evidence indicates that integrating coumarin‑related structure–activity relationships with
specific TME‑dependent mechanisms may enhance immune modulation, particularly in the context of immune
checkpoint–based therapies [148].

Despite these encouraging advances, the current body of evidence remains limited and at an early stage of
development. Only a small number of coumarins have been thoroughly investigated as TME‑directed immunomod‑
ulators, and relatively few signaling pathways and therapeutic applications have been explored. In addition, many
preliminary studies have been conducted under highly restricted experimental conditions, while the isolation and
large‑scale availability of naturally occurring coumarins continue to present practical challenges. Furthermore,
the influence of microenvironmental factors on coumarin‑mediated immune regulation remains insufficiently un‑
derstood. Expanding research toward structurally diverse coumarins and exploring their applications in tumor
growth suppression and cancer–immunity‑cycle modulation could substantially broaden the current therapeutic
landscape. Incorporating stromal‑derived coumarin components may also improve the expression or biological
activity of these compounds. Ultimately, repositioning coumarins within therapeutic strategies targeting primary
tumor progression and treatment may further establish their value as promising preclinical immunomodulators
and potential neovaccine candidates.

An important consideration in interpreting current evidence is the heterogeneity of experimental systemsused
to evaluate coumarin‑mediated immunomodulation. While some studies directly investigate tumor‑associated
immune responses using immune‑competent models, others rely on isolated immune cells, cancer cell lines, or
non‑cancer inflammatory models. Therefore, mechanistic similarity does not necessarily indicate equivalent im‑
munotherapeutic relevance. Future studies employing syngeneic tumormodels, spatial immune profiling, and clin‑

111



Trends in Immunotherapy | Volume 10 | Issue 03

ically relevant pharmacological exposures are required to determinewhether thesemolecular effects translate into
meaningful therapeutic benefit.

6.1. Critical Appraisal of Experimental Evidence
Current evidence supporting coumarin‑mediated immunomodulation varies substantially in experimental

rigor. Although some studies employ tumor‑bearing animal models with immune characterization, many investiga‑
tions rely on simplified systems, including cancer cell lines, isolated immune populations, or inflammatory disease
models. These approaches are valuable for identifyingmolecularmechanismsbutmaynot accurately reproduce the
spatial and cellular complexity of TME. Furthermore, differences in compound dose, bioavailability, administration
route, and treatment duration complicate direct comparison among studies. Future investigations should incor‑
porate standardized pharmacological approaches, immune profiling, appropriate controls, and clinically relevant
exposure levels to establish whether observed immunomodulatory effects translate into meaningful therapeutic
benefit.

6.2. In vivo Models and Endpoints
The in vivo immunotherapeutic efficacy of coumarins remains insufficiently investigated. This limitation repre‑

sents a significant challenge for clinical translation, as findings derived from simplified in vitro systems often fail to
accurately predict the complex biological interactions occurring within TME [149]. Recent evidence suggests that
coumarin derivatives may exert broad immunomodulatory effects by targeting dynamic interactions among tumor
cells, stromal components, infiltrating immune populations, vascular networks, and tumor‑associated metabolic
pathways. Because TME plays a central role in cancer progression and therapeutic responsiveness, modulation of
these interconnected compartments may substantially improve immunotherapeutic outcomes [150]. A growing
number of in vitro studies have demonstrated that both natural and synthetic coumarin derivatives can selectively
stimulate or suppress distinct immune‑cell subsets, supporting their potential as immunoregulatory agents [151].
However, preclinical investigations examining their effects within intact TME remain scarce. Furthermore, many
existing animal studies lack comprehensive immunological assessments, limiting the current understanding of how
coumarins influence immune dynamics during tumor progression and treatment [152]. Consequently, additional
well‑designed in vivo studies are required to clarify their mechanisms of action and establish their translational
value as adjuncts or enhancers of cancer immunotherapy.

6.3. Biomarkers of Response and Resistance
Numerous candidate biomarkers associated with therapeutic response and resistance have been identified in

preclinical investigations, including molecular, cellular, and imaging‑based parameters. These forms of evidence
should be critically evaluated when determining the translational applicability of emerging therapeutic strateg‑
ies [153]. Driven by the growing expectations surrounding immunotherapy and the pressure to achieve clinical
success, the number of clinical trials has expanded substantially. However, many of these studies proceed with‑
out a sufficiently robust scientific foundation or adequate preliminary evidence [154]. Importantly, clinical assays
cannot effectively address hypotheses that have not first been established through rigorous preclinical research.
Comprehensive evaluationof potential treatment response and resistancemechanisms, togetherwith the identifica‑
tion of patients most likely to benefit, is essential for selecting appropriate candidates for therapy and determining
whether combination approaches may provide superior outcomes [155]. To ensure effective clinical management,
patient stratification strategies must be carefully designed and supported by well‑structured and scientifically rig‑
orous preclinical studies.

6.4. Safety, Toxicity, Pharmacokinetics, and Off‑Target Effects
The translational relevance of coumarin‑mediated immunomodulation cannot be determined solely from the

magnitude of an immune response, because therapeutic benefit ultimately depends on whether biologically effec‑
tive concentrations can be achieved within the tumor without producing unacceptable systemic toxicity or dis‑
rupting protective immunity. This distinction is particularly important for compounds capable of bidirectional or
concentration‑dependent immune regulation. An exposure thatmodifies inflammatory or immune signalingwithin
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the TME may be therapeutically advantageous, whereas excessive or prolonged systemic exposure could suppress
immune‑cell function or affect signaling pathways required for normal immune homeostasis [156]. Consequently,
dose–response relationships should be interpreted together with pharmacokinetic parameters, tissue distribution,
duration of exposure, and pharmacodynamic immune endpoints rather than considering immunostimulatory ac‑
tivity in isolation.

The safety profile of coumarins is strongly influenced by molecular structure, dose, route of administration,
metabolism, and duration of exposure, and natural origin should not be considered synonymous with low toxic‑
ity. Natural coumarins may undergo extensive metabolic transformation, and differences in absorption, first‑pass
metabolism, clearance, and metabolite formation can substantially alter systemic exposure and biological activity.
In addition, many natural products can limit the initiation and progression of pathological conditions, which has
encouraged their investigation in the management of chronic infections and malignancies [157]. Several synthetic
coumarin derivatives have also demonstrated promising antitumor activity in experimental models; however, in‑
appropriate dosing may lead to undesirable immunosuppressive effects [158].

Certain coumarin derivatives, particularly diphenyl‑ and nitrogen‑containing analogs, have been associated
with significant toxicity and immune suppression in animal studies [159]. Conversely, some simple coumarins ex‑
hibit protective or immunoregulatory properties. Structuralmodifications canmarkedly influence biological safety;
for example, the introduction of a C7‑pivaloyl substituent was associated with notable toxicity, producing approxi‑
mately 37% lethality in mice at doses ranging from 0.06 to 6 g/kg [160]. Similarly, several coumarin‑quinolizidine
derivatives reduced important immunobiological parameters, including the antiphagocytic index of blood, nonspe‑
cific reactivity index, and phagocytic index, although these compounds did not induce tumor formation [161]. Over‑
all, toxicological investigations of natural and synthetic coumarins highlight the delicate balance between thera‑
peutic benefit and harmful effects. These findings emphasize the importance of careful dose optimization and the
rational design of less toxic derivatives during drug development [162]. Fine‑tuning the nature and position of sub‑
stituents on the benzene and pyran rings of coumarin core may enhance the immunomodulatory potential of these
compounds while minimizing toxicity [163].

6.5. Evidence Strength and Translational Challenges
The current evidence supporting coumarin‑mediated modulation of tumor immunity should be interpreted

according to experimental hierarchy. Direct effects on immune cells, cytokine production, metabolic pathways, and
tumor‑associated signaling have primarily been demonstrated in cellular and animal models. Proposed mecha‑
nisms involving immune checkpoint regulation, enhancement of immunotherapy response, or clinical application
remain hypothesis‑generating and require further validation. Therefore, coumarins should currently be considered
investigational immunomodulatory compounds rather than established immunotherapeutic agents.

7. Challenges, Gaps, and Future Directions
The diverse hypotheses surrounding coumarins and the wide range of biological activities attributed to these

compoundsmake it difficult to drawdefinitive conclusions regarding their immunomodulatory roles. Inmany cases,
coumarin derivatives exhibit contrasting effects depending on their chemical structure, target cell type, or biolog‑
ical context. For instance, modulation of inflammatory signaling may produce beneficial antitumor immune acti‑
vation in one biological context but may promote immune suppression or tissue‑protective responses in another.
Similarly, the same coumarin derivative may exhibit different effects depending on concentration, cellular differen‑
tiation status, and the presence of tumor‑associated signals. Such context dependency highlights the necessity of
interpreting coumarin activity within specific biological systems rather than assuming universal immunostimula‑
tory properties. Although studies investigating the immunomodulatory properties of coumarins remain relatively
limited, the steadily increasing body of evidence highlights the importance of exploring their influence within TME.
This includes understanding the complex interactions between coumarin derivatives, inflammatorymediators, and
immune cell populations, as well as establishing rational design strategies for coumarin‑based agents capable of
modulating TME‑associated pathways.

Several important knowledge gaps still need to be addressed before the therapeutic potential of coumarins
can be fully realized. These include comprehensive characterization of immune responses in vivo, determination
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of optimal and safe dosing regimens, identification of predictive biomarkers, and evaluation of coumarin activity in
preclinical cancermodels beyond conventional TME‑focused systems. In addition, combining coumarin derivatives
with established immunotherapeutic approaches may provide synergistic benefits and represent an attractive di‑
rection for future research. Structuralmodification of coumarins, particularly through the development of synthetic
derivatives, represents a promising and rapidly expanding area of investigation. Incorporation of additional biosyn‑
thetic or pharmacophoric featuresmay strengthen their interactions with inflammation‑related pathways involved
in tumor initiation and progression. However, despite encouraging preliminary findings, substantial work is still
required before these compounds can be translated into clinically applicable therapies.

Overall, whilemajor advances have been achieved in cancer immunotherapy, effective immunomodulation still
depends on a deeper understanding of the molecular and cellular mechanisms governing communication between
tumors and the host immune system. Both natural and synthetic coumarins possess several pharmacological char‑
acteristics that support their potential as modulators of TME, although this field remains insufficiently explored
and warrants further systematic investigation.

8. Conclusion
Natural and synthetic coumarins represent a chemically diverse group of compoundswith considerable yet un‑

derexplored potential for TME–directed immunomodulation. Their structural diversity arises from distinct biosyn‑
thetic origins and synthetic modifications, resulting in multiple subclasses with different signaling properties and
biological activities within TME. Recent advances in the development of immunomodulatory agents have expanded
interest in coumarin‑based scaffolds, particularly for designing compounds with immune checkpoint–modulating
characteristics. Preclinical investigations have demonstrated that coumarins can influence immune cell infiltra‑
tion and stimulate stromal interactions while also regulating key tumor microenvironmental processes, including
hypoxia, angiogenesis, extracellularmatrix remodeling, andmetabolic reprogramming. The complexity and hetero‑
geneity of immune checkpoint regulation create opportunities for both natural and synthetic immunomodulators
to act synergistically with current immunotherapies or to reshape TME in ways that enhance antitumor immune
activation and sustain immune responsiveness.

Owing to their favorable structural and pharmacological properties, coumarins are promising candidates for
suchapplications. Nevertheless, further research is required to clarify their interactionswith established immunother‑
apeutic strategies and to identify optimal combinational approaches. In addition, the selection of appropriate ex‑
perimental tumor models that accurately reflect specific immune checkpoint landscapes remains a critical factor
for translating coumarin‑based immunomodulators into clinically relevant cancer therapies. Importantly, future
studies should prioritize standardized experimental designs incorporating immune‑competent models, clinically
achievable dosing strategies, and validated immunological endpoints to determinewhether promisingmechanistic
findings translate into therapeutic efficacy.

Despite the encouraging immunomodulatory activities reported for natural and synthetic coumarins, several
critical challenges currently limit their clinical translation. Most available evidence remains derived from in vitro
studies and selected preclinical models, whereas comprehensive in vivo validation within clinically relevant TMEs
is still insufficient. In addition, pharmacokinetic properties, including bioavailability, metabolic stability, tissue dis‑
tribution, and optimal dosing strategies, remain incompletely characterized for many coumarin derivatives. Safety
assessment represents another essential consideration, particularly regarding potential systemic toxicity, off‑target
immune modulation, and long‑term effects during combination with established immunotherapies. Furthermore,
clinical evidence supporting coumarin‑based immunotherapeutic approaches remains scarce, highlighting theneed
for well‑designed translational studies and early‑phase clinical trials to determine their therapeutic feasibility, ef‑
ficacy, and safety profiles.
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