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Introduction

The landscape of cancer immunotherapy has been profoundly reshaped by the ad-
vent of immune checkpoint inhibitors (ICIs), which have demonstrated remarkable
efficacy in a subset of patients by unleashing the power of the host immune system
against tumors. However, a significant challenge that persists is the occurrence of
primary or acquired resistance to these therapies, necessitating a deeper under-
standing of the intricate tumor microenvironment (TME) and the development of
strategies to overcome these barriers. This article endeavors to explore the mul-
tifaceted approaches being investigated to enhance ICI effectiveness through a
comprehensive remodeling of the TME, aiming to broaden the patient population
that can benefit from these life-saving treatments [1].

Myeloid-derived suppressor cells (MDSCs) have emerged as key players in or-
chestrating an immunosuppressive TME, effectively hindering anti-tumor immune
responses and contributing to ICI resistance. Their presence within the tumor mi-
lieu is associated with impaired T cell function and the suppression of adaptive
immunity, posing a significant hurdle for effective immunotherapy. Consequently,
strategies targeting these suppressive cell populations are crucial for restoring im-
mune surveillance and improving therapeutic outcomes [2].

Tumor-associated macrophages (TAMs) are another critical cellular component of
the TME that significantly influence the efficacy of ICIs. Their polarization towards
an immunosuppressive M2 phenotype can create an environment that actively
shields the tumor from immune attack. Reversing this polarization towards an
anti-tumorigenic M1 phenotype holds substantial promise for sensitizing tumors to
ICI therapy and eliciting a more robust anti-cancer immune response [3].

Cancer-associated fibroblasts (CAFs) contribute to the physical and immunologi-
cal barriers within the TME. These cells are instrumental in remodeling the extra-
cellular matrix, leading to increased tissue rigidity that can impede immune cell
infiltration. Furthermore, CAFs can secrete immunosuppressive factors, thereby
creating a hostile environment for anti-tumor immunity and limiting the penetration
and activity of ICIs within the tumor mass [4].

Metabolic reprogramming within the TME plays a pivotal role in shaping the im-
mune landscape and dictating the responsiveness to ICIs. Tumor cells and their
associated stromal cells often exhibit altered metabolic pathways, which can lead
to nutrient deprivation and the accumulation of immunosuppressive metabolites,
ultimately contributing to T cell exhaustion and ICI resistance. Targeting these
metabolic vulnerabilities is an emerging strategy to reinvigorate anti-tumor immu-
nity [5].

Extracellular vesicles (EVs) are increasingly recognized for their complex role in
mediating intercellular communication within the TME. These nano-sized vesicles

can carry a diverse cargo of proteins, nucleic acids, and lipids, influencing immune
cell function and promoting tumor progression. Understanding how EVs contribute
to immunosuppression and ICI resistance is essential for developing novel thera-
peutic strategies that can modulate their activity [6].

The tumor vasculature, often characterized by abnormal growth and structure,
presents a unique challenge for effective immunotherapy. Disrupted and dysfunc-
tional tumor vessels can limit the delivery of immune cells and therapeutic agents,
including ICIs, to the tumor site. Strategies aimed at normalizing or targeting this
vasculature are being explored to improve drug penetration and immune cell infil-
tration [7].

The gut microbiome has been identified as a critical modulator of systemic immu-
nity and has shown a significant interplay with the efficacy of cancer immunother-
apies, including ICIs. Specific microbial compositions have been associated with
better responses to ICIs, suggesting that the gut microbiota can profoundly influ-
ence the host’s immune readiness and the TME’s immunogenicity [8].

Hypoxia, a common feature of solid tumors resulting from inadequate oxygen sup-
ply, is intrinsically linked to an immunosuppressive TME and contributes to resis-
tance against ICIs. The hypoxic environment can induce the expression of im-
munosuppressive molecules and promote the accumulation of regulatory immune
cells, thereby dampening anti-tumor immune responses. Alleviating tumor hypoxia
is a promising avenue for enhancing ICI efficacy [9].

The adenosine pathway represents another critical metabolic axis within the TME
that contributes to immunosuppression and ICI resistance. Enzymes such asCD39
and CD73 are involved in the conversion of ATP to adenosine, a potent immuno-
suppressive molecule that impairs T cell function. Blocking this pathway offers a
strategic approach to restoring T cell activity and improving responses to ICIs [10].

Description

The remodeling of the tumor microenvironment (TME) is a central theme in over-
coming resistance to immune checkpoint inhibitors (ICIs), with various cellular and
molecular components being targeted to enhance anti-tumor immunity. One signif-
icant area of focus is the modification of stromal components, which play a crucial
role in establishing an immunosuppressive milieu. Strategies aim to disrupt the
physical barriers and signaling networks that support tumor growth and immune
evasion, thereby creating a more permissive environment for immune cell infiltra-
tion and activity [1].

Myeloid-derived suppressor cells (MDSCs) are a primary target for TME modula-
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tion to improve ICI efficacy. These cells exert potent immunosuppressive effects
by inhibiting T cell proliferation and function, and their depletion or reprogramming
has shown promise in restoring anti-tumor immunity. Approaches include target-
ing key signaling pathways like STAT3 or utilizing inhibitors of colony-stimulating
factor 1 receptor (CSF1R) to modify their behavior [2].

Tumor-associated macrophages (TAMs) are another crucial cellular component
that can be therapeutically manipulated. Their polarization towards an immuno-
suppressive M2 phenotype is a major contributor to ICI resistance. Strategies for
TAM repolarization to an anti-tumorigenic M1 phenotype involve targeting path-
ways such as CSF1/CSF1R and IL-4/IL-13, aiming to convert these macrophages
into effector cells that promote tumor rejection [3].

Cancer-associated fibroblasts (CAFs) contribute significantly to TME rigidity and
immunosuppression, hindering ICI penetration and efficacy. Therapeutic interven-
tions aim to disrupt the extracellular matrix deposition orchestrated by CAFs and
interfere with their immunosuppressive signaling pathways. This approach seeks
to improve immune cell infiltration and enhance responsiveness to ICIs by breaking
down physical and immunological barriers [4].

Metabolic reprogramming within the TME is a critical determinant of T cell function
and response to ICIs. Alterations in metabolic pathways, such as the glutamine
pathway, can lead to T cell exhaustion and an immunosuppressive environment.
Targeting these metabolic vulnerabilities can enhance T cell function and restore
anti-tumor immunity, making tumors more susceptible to ICI treatment [5].

Extracellular vesicles (EVs) are key mediators of intercellular communication
within the TME, and their role in ICI resistance is gaining attention. EVs can de-
liver immunosuppressive factors, promote tumor growth, and influence immune
cell function. Strategies to target EV biogenesis or their cargo offer a novel ap-
proach to modulate the TME and improve ICI outcomes [6].

Targeting the tumor vasculature is essential for optimizing ICI delivery and effi-
cacy. The abnormal and chaotic nature of tumor blood vessels can impede the
infiltration of immune cells and therapeutic agents. Combining anti-angiogenic
therapies with ICIs aims to normalize the tumor vasculature, thereby facilitating
better immune cell penetration and improving the overall anti-tumor immune re-
sponse [7].

The gut microbiome’s influence on systemic immunity and its interplay with the
TME and ICI response is a rapidly evolving area. Modulating the composition of
the gut microbiota through interventions such as fecal microbiota transplantation
or probiotics is being investigated as a means to enhance the efficacy of ICIs, high-
lighting the importance of the systemic immune environment in TME modulation
[8].

Hypoxia within the TME contributes significantly to immunosuppression and ICI re-
sistance by altering the immune cell landscape and promoting the expression of im-
munosuppressive factors. Therapeutic interventions, including hypoxia-inducible
factor-1 (HIF-1) inhibitors or oxygen-carrying nanoparticles, are being explored to
alleviate hypoxia and thereby enhance anti-tumor immune responses and improve
ICI efficacy [9].

The adenosine pathway, mediated by enzymes like CD39 and CD73, creates an
immunosuppressive milieu within the TME by generating adenosine, which im-
pairs T cell function and contributes to ICI resistance. Therapeutic strategies
aimed at blocking this pathway are designed to restore T cell activity and enhance
anti-tumor immunity, thereby improving the effectiveness of ICIs [10].

Conclusion

This collection of research explores strategies to enhance the effectiveness of
immune checkpoint inhibitors (ICIs) by targeting and remodeling the tumor mi-
croenvironment (TME). Key areas of focus include modulating immunosuppres-
sive cells like myeloid-derived suppressor cells (MDSCs) and tumor-associated
macrophages (TAMs), disrupting the functions of cancer-associated fibroblasts
(CAFs), and addressing metabolic reprogramming within the TME. The research
also investigates the roles of extracellular vesicles (EVs), tumor vasculature, the
gut microbiome, hypoxia, and the adenosine pathway in influencing ICI resistance.
Overall, the findings highlight the complex interplay of factors within the TME and
the potential for combination therapies and targeted interventions to overcome re-
sistance and improve patient outcomes.
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