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Tumor hypoxia, characterized by insufficient oxygen supply within the tumor
microenvironment TME plays a key role in helping tumors grow, aveiding the body's immune
system, and becoming resistant to treatments like chemotherapy, photodynamic therapy, and
radiation. High levels of certain metabolites that are made without oxygen, such as adenosine
and lactate, weaken the ability of cytotoxic T lymphocytes (CTLs) to attack cancer cells. These
metabolites also reduce the production of interferon-gamma (IFN-i3) and create an environment
that supports immune-suppressing cells like regulatory T cells (Tregs) and myeloid-derived
suppressor cells (MDSCs). Nanoparticle-based strategies have emerged as promising tools to
alleviate hypoxia through various mechanisms, including catalytic oxygen generation, direct
oxygen delivery, and targeted modulation of hypoxia-driven pathways. By enhancing oxygen
availability and normalizing the aberrant TME, these nanoplatforms provide a promising
avenue to overcome hypoxia-induced therapeutic resistance. This review summarizes recent
progress in nanoparticle-mediated hypoxia modulation in the TME and highlights perspectives
for future clinical translation in cancer immunotherapy and combined treatment approaches.

Keywords: Tumor hypoxia; Tumor microenvironment; Nanoparticles; Oxygen delivery;
immunosuppression; Cytotoxic T lymphocytes; Photodynamic therapy; Radiotherapy;
therapeutic resistance; Nanomedicine.

The tumor microenvironment is made up ~ components work together in a complex way. The
of many different types of cells, like immune cells,  immune cells in this environment help control both
fibroblasts, endothelial cells, inflammatory cells, the body’s natural immune response and the more
and lymphocytes. It also includes the extracellular  specialized immune response. Some immune cells,
matrix, blood vessels, and chemokines. These like macrophages and dendritic cells, can either
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help the tumor grow or fight against it, depending
on how they interact with other cells and the signals
from chemokines in the microenvironment. The
adaptive immune system, which is activated by the
innate immune system, can identify and destroy
cancer cells. This makes it one of the strongest
ways the body can clear tumors.

Cancer-associated fibroblasts (CAFs),
derived from activated fibroblasts, contribute
substantially to the ECM framework and influence
tumor progression and therapeutic outcomes
through structural remodeling and secretion of
bioactive molecules.' Additionally, the TME is
characterized by aberrant vasculature with irregular
morphology and functionality, leading to hypoxia,
which disrupts normal microenvironmental
function, fosters tumor progression, and reduces
treatment efficacy.” Interactions between tumor
cells and TME components directly regulate tumor
growth, metastatic potential, drug penetration,
and resistance.® Consequently, modulation of the
TME—a new approach—has become a hopeful
way to make cancer immunotherapy more
effective.

Targeted techniques addressing ligand—
receptor communication at the cell surface and
downstream signaling pathways within the TME
have shown potential in improving therapeutic
durability.v. TME-modulating agents such
as the CTLA-4 antagonist plerixafor,w anti-
interleukin-6 monoclonal antibody siltuximab,x
anti-CCL2 antibody carlumab,y and integrin
44al1/44a7 antagonist natalizumab'p have
demonstrated preliminary efficacy. In addition,
the USFDA (FDA) granted accelerated approval to
pembrolizumab, an anti-PD-1 checkpoint inhibitor,
in 2017."" However, not all patients benefit, and
many experience severe adverse events such
as gastrointestinal, hematologic, and endocrine
disorders, arthritis, rash, neuropathy, and acute
kidney injury.

Chimeric antigen receptor T-cell (CAR-T)

Chimeric antigen receptor T-cell (CAR-T)
therapy targeting CD19 has shown remarkable
efficacy in acute lymphoblastic leukemia but
limited results in melanoma'u and non-small-
cell lung cancer, alongside substantial toxicities.
In contrast, nanoparticles offer advantages such
as prolonged retention time, targeted delivery,
and reduced systemic toxicity. Specifically,
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they can remodel the immunosuppressive TME
by targeting its major cellular and molecular
components. Hypoxia, a consequence of abnormal
vasculature and rapid tumor proliferation, fosters
immunosuppression by recruiting regulatory T
cells (Tregs) and myeloid-derived suppressor
cells (MDSCs), and by promoting the secretion
of vascular endothelial growth factor (VEGF)
and transforming growth factor-a (TGF-4), which
inhibit DC function, polarize macrophages toward
an M2 phenotype, and drive fibrosis.

Nanoparticles engineered with specific
functionalities can target these elements to shift
the TME toward an immunosupportive phenotype,
thereby enhancing immunotherapy efficacy.
Passive accumulation in tumors via the enhanced
permeability and retention (EPR) effect occurs due
to leaky tumor vasculature and impaired lymphatic
drainage. Structural modifications, such as ligand
conjugation, can further improve tumor-specific
delivery and TME modulation.?' Moreover,
multifunctional nanoplatforms can co-deliver
multiple therapeutic agents. Several clinically
approved nanodrugs, including Doxil?* and
Abraxane,? have demonstrated clinical success.
Targeting Dendritic Cells (DCs)

Dendritic cells (DCs), which come
from the bone marrow, are some of the strongest
antigen-presenting cells (APCs) in the immune
system.?! Normally, they travel through the blood,
but when they get activated, they move to nearby
lymph nodes. There, they meet with T cells to
start and control immune responses. DCs act as a
key link between the body’s first line of defense
and its adaptive immune system. They take in
both proteins made inside the cell and those from
outside, break them into smaller pieces called
antigenic peptides, and show these pieces on their
surface using MHC molecules. This allows T cells
to recognize them and start a targeted immune
response Fig.1 [(A), (B)].

Among different types of DCs,
conventional DCs (cDCs) are very important in
fighting cancer. These cells pick up antigens linked
to tumors in the tumor environment and take them
to lymph nodes near the tumor. There, they activate
T cells that can kill cancer cells.?? However, in the
tumor environment, cDCs often don’t work well
because of substances that stop immune responses,
low oxygen levels, and things like lactic acid,
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which all prevent DCs from maturing and properly
showing antigens.?

Nanoparticle-based strategies offer a
promising approach to overcome these inhibitory
mechanisms. By functionalizing nanoparticles
with DC-targeting ligands, it is possible to enhance
antigen delivery, promote DC maturation, and
restore their ability to initiate robust antitumor
immune responses (see Table 1 [(A), (B)] for
representative applications). Such targeted
nanocarriers not only improve the specificity
of therapeutic delivery but also facilitate
synergistic effects when combined with other
immunotherapeutic modalities.

Figure 1. shows Schematic representation
role of the dendritic cells (DCs) in tumor immunity
and the functions of nanoparticles (NPs) in
modulating DC-mediated immune responses.
Upon encountering endogenous or exogenous
antigens, immature DCs undergo activation and
maturation.?! They process these antigens into
peptide pieces of cancer cells shown on the surface
of MHC molecules to new T cells. When these T
cells interact with the cancer pieces, they become
activated. This activation causes the T cells to
turn into cytotoxic T lymphocytes (CTLs). These
CTLs can kill cancer cells directly or by using
interferon-gamma (IFN-3) to trigger other immune
responses.?

NP-based strategies enhance this process
through multiple mechanisms: NPs functionalized
with tumor antigens and immune adjuvants
facilitate targeted antigen delivery to DCs. These
NPs promote DC maturation and CTL activation
by enhancing antigen presentation and providing
adjuvant signals.>® Upon antigen presentation,
CD4z helper T cells and CD8z CTLs undergo
clonal expansion and acquire effector functions,
including IFN-3 secretion and direct tumor cell
lysis. Incorporating Toll-like receptor (TLR) ligands
within NP formulations induces potent innate and
adaptive immune responses.’t In addition to
adjuvant supplementation, certain nanomaterials—
such as Fef O,, magnetic nanoparticles—can act
as intrinsic nano-immunopotentiators, directly
promoting DC maturation and enhancing antitumor
immunity.

Nanoparticles engineered to selectively
target dendritic cell (DC) surface receptors—such
as CD40, CD11c, mannose receptor, Fc receptor,
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or CD205—have emerged as a promising strategy
to enhance antigen delivery and modulate immune
responses.* These approaches have consistently
demonstrated stronger immune activation
compared with non-targeted formulations. { *v
To systematically assess which receptor offers
the most effective targeting,>w scientists made
special tiny particles called pegylated poly(lactic-
co-glycolic acid) or PLGA nanoparticles. These
particles contain a protein called ovalbumin, along
with substances that trigger certain receptors in
the immune system, specifically TLR3 and TLR7.
They also attached antibodies to these nanoparticles
that target CD40, DEC-205, or CDll1c, which
are proteins on certain immune cells. The team
compared binding efficiency, uptake, and immune
stimulation in DCs. In vitro results revealed that
CD40-targeted nanoparticles achieved the highest
receptor binding, internalization, and interleukin-12
(IL-12) secretion. However, in vivo experiments
showed no statistically significant differences in
antigen-specific T cell proliferation among the
various targeting strategies. These findings suggest
that while receptor-specific binding can modestly
influence nanoparticle uptake, the incorporation
of potent immunostimulatory cues—such as TLR
ligands—vplays a far more dominant role in driving
robust T cell responses.

Multiple studies have demonstrated that
nanoparticle-based delivery systems incorporating
dendritic cell (DC)-activating molecules can
effectively promote DC activation and maturation.
For example, researchers created lipid-coated
calcium phosphate nanoparticles to deliver a
specific cancer-related peptide, BRAFV600E, to
dendritic cells through antigen presentation. The
lipid layer helped the nanoparticles pass through
body barriers and kept the peptide safe from
breaking down or clumping together. This method
improved how well T cells responded to the antigen
and increased interferon-gamma production,
leading to a 20% chance of survival without tumors
in treated mice.

Similarly, developed an erythrocyte
membrane—coated nanoplatform functionalized
with the antigenic peptide hgp10025-33, a Toll-
like receptor 4 (TLR4) agonist, and mannose.
The erythrocyte membrane was chosen for its
biocompatibility, ease of preparation, and intrinsic
adjuvant-like properties, creating a “depot effect”
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that prolonged antigen exposure at the injection
site. Targeting through mannose-mannose receptor
binding enabled efficient DC activation and yielded
substantial tumor growth inhibition.

In addition to conventional adjuvant
incorporation, certain nanoparticles inherently
exhibit immunomodulatory effects. For instance,
ultra-small Fef O,, nanoparticles, when combined
with ovalbumin, were shown to directly promote
DC maturation and augment subsequent immune
responses. Notably, this study was the first to report
Fef O,, nanoparticles functioning dually as antigen
carriers and active immunomodulators, suggesting
their unique potential in cancer immunotherapy.

Beyond single-antigen strategies,
introduced antigen-capturing nanoparticles (AC-
NPs) capable of sequestering a wide range of
tumor-derived protein antigens (TDPAs) through
a combination of ionic, covalent, and hydrophobic
interactions. These AC-NPs efficiently targeted
dendritic cells (DCs) and elicited robust CD8z
T cell responses, resulting in a 20% cure rate in
melanoma-bearing mice, compared with 0% in
control groups. By capturing a diverse repertoire
of tumor antigens in situ, AC-NPs help overcome
the challenges of tumor heterogeneity and expand
therapeutic efficacy beyond that of conventional
single-antigen vaccines.

Targeting Tumor-Associated Macrophages

Macrophages, as terminally differentiated
cells of the mononuclear phagocyte system,
play essential roles in maintaining homeostasis,
promoting wound healing, facilitating tissue
regeneration, and orchestrating immune defense.
14241 Their primary function, phagocytosis, enables
them to engulf and degrade pathogens, cellular
debris, and other particles unrecognized as “self.”

Upon stimulation by different
environmental cues, macrophages exhibit distinct
polarization states. Exposure to interferon-a
(IFN-3) and lipopolysaccharide (LPS) drives
classical (M1) activation, leading to the secretion of
pro-inflammatory cytokines such as interleukin-12
(IL-12), which promote anti-tumor immunity.*-*¥!
In contrast, alternative (M2) activation—induced
by interleukin-4 (IL-4) or interleukin-13 (IL-13)—
drives the production of interleukin-10 (IL-10),
thereby promoting tissue repair and wound healing,
but also contributing to tumor progression.[*-5%

Owing to this functional dichotomy,
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macrophages are often described as a “double-
edged sword,” exhibiting both pro-tumorigenic
and anti-tumorigenic activities. Tumor-associated
macrophages (TAMs), which represent a
predominant immune cell population within the
tumor microenvironment (TME), initially support
anti-tumor immunity during early stages of
tumorigenesis. However, as the tumor advances,
TAMs frequently adopt an M2-like phenotype,
thereby driving angiogenesis, immunosuppression,
tumor invasion, and metastasis.ty This phenotypic
shift is largely attributed to macrophage plasticity—
where changes in the TME, such as hypoxia, trigger
polarization from the M1 to the M2 state.

Reprogramming TAMs toward an M1-like
phenotype has emerged as a promising therapeutic
approach in oncology. Nanoparticles designed to
selectively deliver therapeutic agents to TAMs and
modulate their polarization states offer substantial
potential for enhancing anti-tumor immunity.
(Table 1).

Fig.2 [(A), (B)] illustrates interferon-a
(IFN-3) and lipopolysaccharide (LPS), tumor-
associated macrophages (TAMs) polarize toward
an Ml-like (TAM1) phenotype, characterized
by elevated secretion of interleukin-12 (IL-
12), thereby promoting anti-tumor immunity.*'
Conversely, stimulation with interleukin-4 (IL-4)
or interleukin-13 (IL-13) promotes the M2-like
(TAM2) phenotype, which produces interleukin-10
(IL-10) and facilitates tumor progression (73,74).
In the hypoxic tumor microenvironment (TME),
TAMI cells can repolarize to TAM2, reinforcing
immunosuppression.*

TAM reprogramming using nanoparticles:
NPs functionalized with hyaluronic acid (HA),
iron oxide nanoparticles, or regorafenib have been
shown to reprogram TAM?2 cells toward TAM1
polarization. HA interacts with CD44 on TAMs
and activates Refined Version:

Activation of toll-like receptor 4 (TLR4)
pathways enhances M1-associated markers,
including CD86 and tumor necrosis factor-a
(TNF-4), while concurrently reducing M2-
associated markers such as interleukin-10 (IL-
10) and CD206.* Iron oxide NPs preferentially
accumulate in macrophages, promoting recruitment
and polarization to M1. They also induce a Fenton
reaction, generating reactive oxygen species (ROS)
that trigger tumor cell apoptosis; apoptotic tumor
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cells in turn reinforce M1 polarization in a positive
feedback loop. Regorafenib, an oral multi-kinase
inhibitor, inhibits angiopoietin-2 (ANG2)/TIE2
signaling, reducing TAM accumulation and shifting
polarization toward M1.5

Direct inhibition of TAM2 survival: NPs
can also suppress TAM2 activity by delivering
small interfering RNA (siRNA) or ibrutinib (IBR).
siRNA against colony-stimulating factor-1 receptor
(CSF-1R) blocks survival pathways specific
to M2 macrophages.u t IBR, an irreversible
Bruton’s tyrosine kinase (BTK) inhibitor, disrupts
TAM-mediated tumorigenesis and reverses TME-
associated immunosuppression.

Abbreviations: ANG2, angiopoietin-2;
HA, hyaluronic acid; IFN-3, interferon-a; IBR,
ibrutinib; IL, interleukin; LPS, lipopolysaccharide;
NPs, nanoparticles; TAMs, tumor-associated
macrophages; TIE2, tyrosine kinase with
immunoglobulin-like and epidermal growth
factor—like domains 2; TLR, toll-like receptor;
TME, tumor microenvironment.

Several studies have investigated the
potential of nanoparticles to modulate TAM
polarization in cancer immunotherapy. Notably,
iron oxide nanoparticles—already FDA-approved
for treating iron deficiency—have shown
promising off-label immunomodulatory effects.u
v Ferumoxytol has been reported to reprogram
M2-polarized TAMs toward the M1 phenotype,
thereby inhibiting tumor growth. Mechanistically,
iron oxide nanoparticles promote M2-to-M1
repolarization and trigger the Fenton reaction,
generating reactive oxygen species (ROS) that
induce tumor cell apoptosis. These apoptotic
cells further reinforce M1 polarization via a
feedback loop involving nitric oxide (NO) and
tumor necrosis factor-a (TNF-4) production. In
murine models, ferumoxytol administration led
to an 11-fold increase in hydrogen peroxide, a
16-fold increase in hydroxyl radicals, elevated
expression of M1 markers (TNF-4, CD86), and
reduced expression of M2 markers (CD206, IL-
10), ultimately inhibiting tumor progression in a
TAM-dependent manner.

In another study, developed a
multifunctional nanoplatform composed of nano-
Fef O,, CpG-loaded liposomes (Lipo) combined
with cancer cell membrane-derived antigenic
microparticles (MPs).ux The Fef O,, /MPs-CpG/

1516

Lipo construct combines immunomodulators,
tumor antigens, and adjuvants into a single
delivery platform. MPs displaying a diverse
array of tumor antigens enhanced antigen-
presenting cell (APC) maturation and T cell
activation, while Fef O,, nanoparticles promoted
M1 polarization via the Fenton reaction,
effectively converting an immunosuppressive
(“cold”) tumor microenvironment (TME) into
an immunostimulatory (“hot”) one. In vivo, this
system led to a 2.55-fold increase in CD4z T cell
proliferation and a 3.84-fold increase in CD8z T
cell proliferation, ultimately extending median
survival in murine models of mammary and lung
cancer.

Addressing the delivery challenges posed
by the blood-brain barrier (BBB),v p designed
a “three-bird-one-stone” nanoparticle system
capable of targeting transferrin receptors (TfRs)
and albumin-binding receptors such as SPARC,
expressed on the BBB, glioma cells, and TAM:s.
This platform co-encapsulated disulfiram/copper
(DSF/Cu), a chemotherapeutic complex, and
regorafenib, a multi-kinase inhibitor. After crossing
the blood-brain barrier (BBB) via transferrin
receptors (TfRs) and SPARC, the nanoparticles
selectively targeted SPARC and mannose receptors
on M2 TAMs. Regorafenib modulated TAM
polarization, while DSF/Cu induced tumor cell
apoptosis and released tumor-associated antigens,
thereby enhancing cytotoxic T lymphocyte (CTL)
activity and suppressing regulatory T cells (Tregs).
This dual-targeting approach markedly prolonged
survival in glioma-bearing mice.!'-62

Further improving TAM-targeted delivery,
researchers developed dual-targeting nanoparticles
functionalized with mannosylated carboxymethyl
chitosan and hyaluronan, demonstrating enhanced
delivery efficiency and stronger immune activation
compared with single-targeting systems.!*-* [n a
complementary approach, employed natural killer
(NK) cell membrane-coated, photosensitizer-
loaded nanoparticles. The NK membrane coating
not only facilitated M1 polarization but also
extended circulation time and reduced nanoparticle
toxicity, highlighting its potential as a safe and
effective cancer immunotherapy strategy.

Beyond modulating TAM polarization,
an alternative strategy involves directly inhibiting
TAM survival. Qian et al. designed a dual-
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targeting nanoparticle (M2NP) functionalized with
scavenger receptor B type 1 ligands and an M2-
specific binding peptide (M2pep), encapsulating
small interfering RNA (siRNA) against colony-
stimulating factor-1 receptor (CSF-1R) to modulate
the survival and function of TAMsv w . This
nanoplatform demonstrated significantly higher
affinity for M2-like TAMs compared with other
macrophage subtypes and effectively inhibited
M2 survival signaling. In vivo administration led
to the elimination of approximately 52% of M2
macrophages, accompanied by tumor regression
and improved overall survival. Additionally,
levels of pro-inflammatory cytokines, including
interferon-a (IFN-3) and interleukin-12 (IL-12),

- (1)

Nanoparticle
. J‘
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were elevated, while immunosuppressive cytokines
such as transforming growth factor-a (TGF-a) and
interleukin-10 (IL-10) were markedly reduced,
highlighting its potential as a molecularly targeted
cancer immunotherapy.

In addition to nucleic acid delivery,
nanoparticles can be employed to deliver small-
molecule inhibitors that disrupt TAM function.
Bruton’s tyrosine kinase (BTK), which is
overexpressed in TAMs, plays a key role in tumor
progression, angiogenesis, and immunosuppression.
Ibrutinib (IBR), an irreversible BTK inhibitor, has
demonstrated potential in reversing TAM-mediated
immunosuppression; however, its rapid renal
clearance limits therapeutic efficacy. To overcome

+(1)

= (2) *
A

Dendritic Cell

Fig.1(A,B). Nanoparticles conjugated with specific ligands could target DCs
and modulate their activation and maturation
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this limitation,vy developed a sialic acid-modified,
amphiphilic egg phosphatidylglycerol-based
nanoplatform (SA/IBR/EPG). The amphiphilic
structure provided high drug-loading efficiency
and prolonged circulation time, while sialic
acid enabled targeted delivery to Siglec-1-
expressing TAMs via ligand-receptor binding.
In vivo, SA/IBR/EPG nanoparticles enhanced
immunostimulatory cytokine production and
significantly reduced tumor volume.

Nanoparticle-based TAM targeting can
also be combined with other therapeutic modalities
to maximize efficacy and reduce systemic toxicity.
As demonstrated by,vy a multifunctional delivery
system achieved selective cytotoxic drug delivery
to TAMs, effectively integrating immunotherapy
with chemotherapy. Similarly, nanoparticles
have been employed to augment photodynamic
therapy (PDT). PDT efficacy is often limited
by hypoxia in the tumor microenvironment
(TME), as it relies on photosensitizers (PS) and
oxygen to generate reactive oxygen species
(ROS). engineered a TAM-targeted nanoplatform
consisting of hyaluronic acid (HA)-modified
manganese dioxide (MnO, ) nanosheets loaded
with PS. MnO, reacted with excessive hydrogen
peroxide in the TME to generate oxygen, thereby
alleviating hypoxia and enhancing PDT efficacy.
Concurrently, HA mediated TAM-specific delivery
and facilitated M2-to-M1 repolarization, reducing
tumor recurrence post-PDT.
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Targeting Cancer-Associated Fibroblasts

Fibroblasts are essential for maintaining
tissue homeostasis, as they synthesize extracellular
matrix (ECM) components and facilitate tissue
repair.”' In the tumor microenvironment (TME),
however, fibroblasts remain persistently activated
and are termed cancer-associated fibroblasts
(CAFs). As key components of the tumor stroma,
CAFs promote tumor progression by secreting
angiogenic factors such as vascular endothelial
growth factor (VEGF) and expressing a-smooth
muscle actin (&-SMA), along with other pro-
tumorigenic molecules.”>’ These molecules are
frequently overexpressed in most solid tumors,
while their expression is largely absent in normal
tissues.’”” Additionally, CAFs secrete extracellular
matrix (ECM) proteins—including type I, III,
and V collagens and fibronectin—forming a
dense stromal barrier that restricts the penetration
and efficacy of conventional chemotherapeutic
and immunotherapeutic agents. Consequently,
CAFs have emerged as promising targets for
nanoparticle-mediated tumor microenvironment
remodeling. (Table 1).
Regulating CAF formation

One therapeutic approach is to
prevent fibroblast activation and myofibroblast
differentiation. Myofibroblasts, which promote
tumor invasion by contracting collagen fibers
and producing pro-invasive molecules, are driven
primarily by TGF-al signaling, which triggers

Fig. 2(A, B). Nanoparticles capable of selectively delivering drugs to TAMs and modulating their polarization
states may represent an effective strategy in cancer immunotherapy.
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ROS-dependent 4-SMA expression!?*-24l developed
cerium oxide nanoparticles (nanoceria) that exert
pro-oxidant effects via Cet z, selectively increasing
ROS in tumor cells while sparing normal stromal
cells. At non-toxic concentrations, nanoceria
inhibited TGF-41-induced myofibroblast formation,
reduced 4-SMA expression, and decreased tumor
cell invasiveness by approximately 70%. Similarly,
Fef O,, nanoparticles were tested due to their
reported cytotoxic effects,?u but despite reducing
4-SMA levels, they paradoxically enhanced
squamous cell invasiveness, making them less
suitable for therapy.

In pancreatic ductal adenocarcinoma,
pancreatic stellate cells (PSCs) act as precursors
to CAFs.2v designed superparamagnetic iron
oxide nanoparticles (SPIONs) conjugated with
relaxin-2, a peptide known to suppress TGF-a-
induced PSC differentiation via pSmad2 pathway
inhibition. This targeted delivery system reduced
CAF formation and demonstrated significant anti-
tumor activity in vivo.

Selective CAF eradication

Directly targeting CAFs for elimination
can be achieved using enzyme-activated
nanoparticles.u p developed a cleavable
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amphiphilic peptide (CAP)-based nanoparticle,
which self-assembles in solution but disassembles
upon cleavage by fibroblast activation protein
(FAP)—an enzyme highly expressed on CAFs.
This triggered the release of chemotherapeutic
payloads directly within CAF populations,
enhancing drug penetration into tumors. Another
example is a CAF-targeted nanoliposome carrying
the pro-apoptotic drug navitoclax, conjugated with
a tenascin-C binding peptide (FH). This system
selectively induced CAF apoptosis, reducing their
proportion from 77% in controls to 18% post-
treatment.u v However, since some CAF subtypes
may have anti-tumor functions, complete CAF
depletion could be counterproductive.
Combining CAF-targeted therapy with
photodynamic therapy (PDT)

FAP has been widely explored as a CAF
marker for PDT-based strategies.v p Researchers
developed ferritin nanoparticles modified with
a FAP-specific single-chain variable fragment
(scFv) and a photosensitizer (PS). Upon photo-
irradiation, these nanoparticles selectively ablated
CAFs, enhanced T cell infiltration, and improved
nanoparticle penetration into the tumor core.
Compared to conventional PDT using non-

Fig. 3. Illustrates nanoparticles that are designed to specifically deliver to tumor-draining lymph nodes and
enhance anti-tumor immune responses
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targeted PS, CAF-targeted nanomedicine enables
simultaneous delivery of multiple therapeutic
agents, thereby amplifying both immunotherapeutic
and photodynamic effects.
Precision targeting over complete depletion

While CAFs often act as a physical and
biochemical barrier to anti-tumor therapy, emerging
evidence indicates that certain subpopulations may
have tumor-restraining functions.v v Recent
studies suggest that CAFs can be classified into
cancer-promoting (F2) and cancer-restraining (F1)
subtypes, with their functional role dependent on
tumor stage and context.”-% This duality implies
that precise modulation of CAF activity, rather
than wholesale elimination, may be the optimal
therapeutic approach.
Tumor Vascular Remodeling

Tumor vasculature is both structurally
abnormal and functionally compromised, playing a
critical role in shaping the tumor microenvironment
(TME). Hypoxia within the TME stimulates
sustained production of pro-angiogenic factors,
including vascular endothelial growth factor
(VEGF) and transforming growth factor-a (TGF-2).
156581 An imbalance between pro-angiogenic and
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anti-angiogenic signals leads to rapid but abnormal
blood vessel formation. These tumor vessels are
often tortuous, irregularly distributed, and highly
permeable, primarily due to pericyte detachment
from the endothelial cells.*-%) The heightened
vascular permeability leads to protein leakage,
which elevates interstitial fluid pressure (IFP)
within the TME. Elevated interstitial fluid pressure
(IFP) compresses blood vessels, worsening hypoxia
and perpetuating a vicious cycle of vascular and
microenvironmental abnormalities. Moreover,
dysfunctional vasculature restricts immune cell
infiltration and impedes the effective delivery of
nanoparticles and therapeutic agents.

Given these challenges, vascular
normalization has emerged as a promising
therapeutic strategy. Anti-angiogenic therapies,
particularly anti-VEGF agents, can transiently
reverse vascular abnormalities; however,
endothelial cells often develop adaptive resistance
by upregulating alternative pro-angiogenic factors.
Rakesh K. Jain proposed the concept of a transient
“normalization window” during which tumor
vessels exhibit improved structure and function,
thereby enhancing the efficacy of concomitant
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Fig. 4. [llustrates how elevated levels of anaerobic metabolites, such as adenosine and lactate, impair cytotoxic T
lymphocyte (CTL) function by inhibiting interferon-gamma (IFN-2) production.
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anti-tumor therapies. This window varies across
tumor types and disease stages, making its precise
timing challenging in clinical practice.

Nanoparticles (NPs) offer a solution by
enabling co-delivery of anti-angiogenic compounds
and cytotoxic therapeutics, bypassing the need
for precise therapeutic window targeting. For
example a team developed polymeric nanoparticles
co-encapsulating the epidermal growth factor
receptor (EGFR) inhibitor erlotinib combined
with doxorubicin, leveraging the enhanced
permeability and retention (EPR) effect for targeted
tumor delivery. Erlotinib’s anti-angiogenic action
complemented doxorubicin’s sustained release,
resulting in superior chemotherapeutic outcomes.

Similarly, lipid-based nanoparticles
incorporating low-molecular-weight heparin
(LMWH), gemcitabine, and paclitaxel. LMWH
inhibited VEGF-VEGFR interactions, while
low-dose, high-frequency gemcitabine promoted
metronomic vessel normalization. v w In acidic
TME conditions, the nanoparticles rapidly degraded,
releasing both gemcitabine and paclitaxel, leading
to enhanced perfusion and more regular vessel
architecture during the normalization phase.
Subsequent vascular regression reduced vessel
density, thereby impairing tumor nutrient supply.
Notably, combining vascular normalization with
extracellular matrix (ECM) modulation further
improved nanoparticle distribution in tumors
compared with anti-angiogenesis alone.

In addition to VEGF inhibition, vascular
disrupting agents (VDAs) can collapse existing
tumor vasculature, inducing necrosis in the tumor
core. However, peripheral tumor cells often escape
this effect, necessitating combination strategies.v
y PLGA nanoparticles were formulated to co-
deliver the vascular disrupting agent (VDA)
5,6-dimethylxanthenone-4-acetic acid (DMXAA)
and the Toll-like receptor (TLR) 7/8 agonist
gardiquimod. DMXAA promoted endothelial
apoptosis through TNF-a—mediated pathways,
while gardiquimod stimulated immune responses
via MyD88 and NF-éB signaling. In a melanoma
model, this combination achieved a 63.6% survival
rate, significantly outperforming monotherapies
with PLGA (18.1%) or DMXAA (9%).

Copper, an essential trace element, also
facilitates angiogenesis by enhancing endothelial
cell migration and invasion.w ' Leveraging this,
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copper-chelating polymer nanoparticles engineered
to deliver the TLR7/8 agonist resiquimod
integrated anti-angiogenic and immune-activating
mechanisms. In a breast cancer mouse model, this
system achieved synergistic tumor suppression
with reduced tumor size and slower growth
compared to single-modality treatments.

While promising, anti-angiogenic
nanomedicine faces two major challenges: (i)
a deeper mechanistic understanding of tumor
angiogenesis across cancer types and progression
stages is needed to optimize therapy design, and
(ii) achieving uniform nanoparticle distribution
within solid tumors remains a significant barrier.
Nonetheless, given that nanomedicine itself benefits
from vascular normalization, the combination of
nanoparticles, anti-angiogenic drugs, and cytotoxic
agents represents a compelling therapeutic strategy
for overcoming TME-mediated drug resistance.
[74-75]

Targeting Tumor-Draining Lymph Nodes
(TdLNs)

Tumor-draining lymph nodes (TdLNs) are
often the first sites of metastasis and are enriched
with immunosuppressive cell populations such as
regulatory T cells (Tregs) and myeloid-derived
suppressor cells (MDSCs).l*71 These lymph
nodes exhibit an immuno-privileged status,
where antigen-presenting cells (APCs) and T cells
undergo tolerization, thereby contributing to tumor
immune evasion. Despite their immunosuppressive
environment, TdLNs are also sites of antigen
priming due to lymphatic drainage of tumor-
associated antigens (TAAs) from the primary
tumor.

The cellular composition of TdLNs
includes both tumor-promoting suppressor
cells and tumor-fighting effector immune cells,
positioning them as critical hubs for initiating and
regulating tumor-specific immune responses.w
t Historically, management of TdLNs has relied
on surgical resection, particularly sentinel lymph
node removal. However, recent advances in
tumor immunology have shifted attention toward
functional modulation of TdLNs to either reverse
immunosuppression or enhance anti-tumor
immunity.

Nanomedicine offers unique opportunities
for targeted intervention within TdLNs. Specifically
engineered nanoparticles can be designed for
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preferential lymphatic uptake and accumulation
in TdLNs, enabling localized delivery of
immunostimulatory agents or therapeutic payloads.
This targeted approach can enhance antigen
presentation, activate cytotoxic T cells, and reduce
the suppressive influence of Tregs and MDSCs.
174751 Several nanoparticle systems have been
developed for this purpose. showing promising
preclinical results in boosting systemic anti-tumor
immune responses while minimizing off-target
effects (Table 1).

As shown in Fig. 3. Tumor-draining
lymph nodes (TdLNs) are enriched with both
immunostimulatory cells, such as dendritic cells
(DCs), T cells, and B cells, and immunosuppressive
populations, including regulatory T cells (Tregs)
and myeloid-derived suppressor cells (MDSCs).
[40-41) Tumor-associated antigens (TAAs) are
transported to tumor-draining lymph nodes
(TdLNs) via lymphatic vessels, where dendritic
cells (DCs) process and present them to T cells.
Activated T cells secrete interferon-gamma (IFN-3)
and stimulate B cells to produce antibodies,
together orchestrating a robust anti-tumor immune
response. However, myeloid-derived suppressor
cells (MDSCs) and regulatory T cells (Tregs)
within tumor-draining lymph nodes (TdLNs)
inhibit T cell activation and function, facilitating
tumor immune evasion.

Nanoparticles (NPs) offer a targeted
strategy for modulating TALN immunity. Medium-
sized NPs (10-100 nm) can efficiently drain into
TdLNs, maximizing delivery efficiency. Once
inside, NPs encapsulating TAAs activate DCs,
enhance antigen presentation, and enhance T cell
responses. The incorporation of Toll-like receptor
(TLR) ligands, such as CpG oligodeoxynucleotides
(TLRY agonists), further augments immune
activation by inducing pro-inflammatory cytokines,
promoting MDSC differentiation, and relieving
T-cell suppression.

Nanoparticle size and immune efficacy

Particle size strongly influences lymphatic
trafficking and immune activation. Large particles
are often retained in the extracellular matrix,
restricting lymph node entry, whereas very small
particles rapidly exit lymph nodes and have
limited immunological impact. Morikwal S et al.
demonstrated that 40—50 nm antigen-conjugated
beads elicited 2—-10-fold stronger IFN-a and
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antibody responses compared to smaller or
larger counterparts. “5471 Similarly, Maeda et al.,
reported that a 60 nm cholesteryl pullulan hydrogel
NP delivering synthetic long peptide antigens
preferentially localized to TdLNs, was taken
up by medullary macrophages, and effectively
activated CD8z T cells in the context of TLR
stimulation.t * Team of Banco E found that 10-22
nm gold NPs were optimal for eliciting robust
immune responses. Collectively, these studies
suggest that nanoparticles (NPs) in the 10—100 nm
range achieve an optimal balance between lymph
node retention and immune stimulation, whereas
particles <10 nm undergo rapid renal clearance
and those >100 nm are rapidly removed by the
reticuloendothelial system.
Targeting TALNs with NP-based vaccines

The concept of targeting TdLNs for
vaccination is supported by studies showing that,
despite their immunosuppressive milieu, TdLNs
remain sites of potent antigen priming. In murine
lymphoma and melanoma models, vaccines
delivering TAAs specifically to TdLNs generated
stronger CD8z T-cell responses, reduced MDSC
and Treg populations, and suppressed tumor
growth more effectively than vaccines targeting
non-tumor-draining lymph nodes. demonstrated
that PLGA NPs loaded with TLR7/8 agonists
accumulated in TdLNs, expanded DC populations
threefold, increased CD8z T cells 4.5-fold, and
inhibited both primary and metastatic tumor
growth.
Expanding antigen diversity for vaccine efficacy

While TAA-based vaccines hold promise,
the limited availability of immunogenic TAAs
for many cancers poses a challenge.u t To
address this, Pelaz B and scientists developed a
biomimetic “artificial necroptotic cancer cell”
system comprising cancer cell membrane proteins,
a heat shock protein 70 (HSP70) peptide, and
a calcium phosphate core.’® This formulation
presented a broad spectrum of TAAs, enhanced
DC maturation, activated natural killer (NK) cells,
and reduced lung metastases by 77% in melanoma-
bearing mice. When combined with anti-PD-1
checkpoint inhibitors, metastasis reduction reached
89%.

Whole-cell antigen vaccines offer another
strategy to overcome TAA limitations. Zhao et al.,
designed a melittin—lipid NP that lyses tumor cells
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to release the full repertoire for tumor antigens.*’
With an optimal particle size of 20 nm, these NPs
efficiently reached TdLNSs, increased CD8z T-cell
responses by 3.6-fold, and achieved 95% and 92%
inhibition of primary and distant tumor growth,
respectively. These findings collectively highlight
the dual role of TALNs as both immunosuppressive
and immunostimulatory hubs and underscore
the potential of nanoparticle-mediated, lymph
node—targeted vaccines to strengthen anti-tumor
immunity.

As detailed in Fig. 4. Impact of Hypoxia
and the Role of Nanoparticles in Modulating
Tumor Immunity, Hypoxia within the tumor
microenvironment (TME) suppresses anti-tumor
immunity through multiple mechanisms. Increased
levels of anaerobic metabolites, such as adenosine
and lactate, compromise cytotoxic T lymphocyte
(CTL) function by reducing interferon-a (IFN-3)
production. Hypoxia also promotes the recruitment
of immunosuppressive cell populations, including
myeloid-derived suppressor cells (MDSCs)
and regulatory T cells (Tregs), and drives the
polarization of tumor-associated macrophages
(TAMs) from the anti-tumorigenic M1 phenotype
toward the pro-tumorigenic M2 phenotype.

Furthermore, hypoxia enhances secretion
of immunosuppressive factors, notably transforming
growth factor-a (TGF-4) and vascular endothelial
growth factor (VEGF), with TGF-4 promoting
fibroblast-to—cancer-associated fibroblast (CAF)
transition,w X while VEGF stimulates tumor
angiogenesis. Excessive VEGF alters the balance
between pro- and anti-angiogenic factors, leading
to structurally abnormal vasculature that further
exacerbates hypoxia.

NP-based strategies to modulate hypoxia and
its downstream effects include:

* Oxygen generation — MnO, -modified NPs react
with hydrogen peroxide (H, O, ) in acidic TME to
produce oxygen, mitigating hypoxia and improving
therapy efficacy.

* Oxygen delivery — Perfluorocarbon (PFC)-loaded
NPs exploit PFC’s high oxygen solubility to store
and release oxygen in situ.

* CAF inhibition — Cet z -based nanoceria
prevent TGF-al-initiated, ROS-dependent
myofibroblast formation,w w while relaxin-2
(RLX)-functionalized NPs inhibit pancreatic
stellate cell differentiation by suppressing pSmad?2
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signaling.

* CAF depletion — NP delivery of cytotoxic agents,
such as the Bcl-2 inhibitor navitoclax, directly
induces CAF apoptosis.

* Vascular modulation — VEGF inhibitor—loaded
NPs block VEGF receptor binding and signaling
in endothelial cells, while vasculature-disrupting
agents (VDAS) delivered via NPs induce endothelial
apoptosis through TNF-a—mediated pathways.

CONCLUSIONS AND PERSPECTIVES

Tumor hypoxia is a critical factor
driving tumor progression, promoting immune
evasion, and contributing to resistance against
conventional therapies such as chemotherapy.”,
photodynamic therapy, and radiotherapy. The
hypoxic tumor microenvironment (TME) promotes
immunosuppression through accumulation of
regulatory cells like MDSCs and Tregs, the
polarization of macrophages toward the pro-
tumorigenic M2 phenotype and the upregulation
of immunosuppressive cytokines, including
TGF-a and VEGF.. These changes not only
impair cytotoxic T lymphocyte (CTL) functions,
particularly reducing IFN-a production, but also
exacerbate abnormal tumor vasculature and stromal
remodeling, creating a vicious cycle that sustains
hypoxia.

Nanoparticles have emerged as a
promising platform for overcoming tumor
hypoxia and enhancing therapeutic efficacy.
Several strategies have been developed...”,
including in situ oxygen generation via MnO,
-based nanomaterials reacting with tumor H, O,
, direct oxygen delivery through perfluorocarbon
(PFC)-loaded nanoparticles, and combinational
delivery of chemotherapeutic agents with oxygen-
generating nanoplatforms. These approaches have
been shown to significantly alleviate hypoxia,
enhance CTL infiltration, and potentiate the effects
of chemotherapy, radiotherapy, and photodynamic
therapy in preclinical models.

Furthermore, nanoparticle-mediated
delivery systems targeting the hypoxic TME can
modulate the immunosuppressive environment
by repolarizing macrophages, reducing pro-
tumorigenic fibroblast activation, and normalizing
aberrant vasculature. Advanced nanostructures,
such as hypoxia-responsive mesoporous silica and
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nanoscale metal-organic frameworks (nMOFs),
provide controlled release of therapeutic payloads
and enhanced photodynamic effects. Additionally,
pH-sensitive and charge-convertible nanoparticles
capitalize on the acidic TME to achieve site-
specific drug release and improved cellular uptake.

Despite these advances, however,
significant challenges remain in translating these
nanotechnologies into clinical practice.. The
heterogeneity of tumor hypoxia across cancer
types and stages requires tailored nanomedicine
designs and comprehensive understanding of TME
dynamics. Optimizing nanoparticle size, surface
properties, and biocompatibility is essential to
balance effective tumor penetration with prolonged
circulation and minimal off-target effects.

“Future research should prioritize the
development of multifunctional nanoparticles
that can simultaneously alleviate hypoxia, deliver
immunomodulatory agents, and synergize with
immune checkpoint blockade therapies.” to
achieve synergistic anti-tumor responses. Real-
time imaging and biomarker development are
also crucial to monitor hypoxia modulation and
guide treatment scheduling. Ultimately, rationally
designed nanoparticle-based strategies hold great
promise “to overcome hypoxia-driven therapeutic
resistance and enhance clinical outcomes in cancer
patients.”
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