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Cancer immunotherapy boosted by layered double
hydroxide nanoparticles
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The development of innovative nanoplatforms for cancer immunotherapy has garnered considerable
attention in biomedical research. Layered double hydroxide (LDH) is a two-dimensional inorganic nano-
material consisting of positively charged brucite-like cationic layers and negatively charged anions inter-
calated in the interlayer space. LDH-based nanoplatforms have been emerging as promising candidates
for enhancing the efficacy of cancer immunotherapy. This review highlights the latest advancements in
the application of LDH in cancer immunotherapy. The unique physicochemical properties of LDH, such
as a high surface area, tunable porosity, and facile surface modification, entail it to be a versatile platform
to deliver antigens, drugs, and other therapeutic agents. In addition, LDH's inherent biocompatibility and
biodegradability contribute to its suitability for in vivo applications. Moreover, the nanoplatform formed by
the integration of self-adjuvant LDH with tumor antigen and immunomodulatory components has shown
promising results in enhancing antigen presentation, promoting immune cell activation and regulating the
immune suppressive tumor microenvironment. In this review, we discuss the application of LDH as a
carrier-supported immune modulator in immunotherapy and the application of LDH as an adjuvant to
construct tumor vaccines. Finally, future research challenges of LDH in immunotherapy are briefly dis-
cussed. Conclusively, the versatility and adaptability of LDH-based nanoplatforms make them promising
candidates for the next generation of cancer immunotherapeutics.
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Immunotherapy is a powerful treatment modality to tackle a
variety of advanced cancer types, aiming to regulate the
patient’s immune system to create tumor-specific immune
cells capable of seeking out and destroying malignant cells
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and preventing tumor progression and recurrence."” In
addition, immunotherapy improves the antitumor immune
response to achieve the desired treatment efficacy with fewer
side effects and off-target processes than other conventional
therapeutic modes.>* Immune cells, including lymphocytes,
mononuclear macrophages, dendritic cells, granulocytes,
hematopoietic stem cells, etc., play important roles in cancer
immunotherapy and can be divided into antigen-specific lym-
phocytes, antigen-presenting cells (APCs) and other cells
involved in immune response according to the different action
mechanisms.>® Antigens released from necrotic or apoptotic
cancer cells can be taken up and processed into shorter pep-
tides by APCs and presented in the major histocompatibility
complex class (MHC) as an MHC-peptide complex. Then, the
MHC-peptide complex binds to the T cell receptor on the
surface of naive T cells, thus promoting tumor-specific cyto-
toxic T lymphocytes (CTLs) to infiltrate the local tumor sites,
kill tumor cells, and release additional tumor antigens.”®
Unfortunately, antitumor immune cells always face recruit-
ment barriers, depletion, and off-target immune attack due to
the presence of immunosuppressive tumor microenviron-
ments (TMEs),” and hence, the therapeutic effect of immu-
notherapy for solid tumors is not ideal in clinical treatment,
and only a small number of patients can be treated to have
immune responses.®'® Therefore, it is necessary to develop
more efficient immunotherapy approaches to fight cancer.
With the booming development of nanotechnology, nano-
materials have been often applied to construct versatile plat-
forms with effective cancer immunotherapeutic efficacy.® As a
clay material, layered double hydroxide (LDH) has a high
specific surface area and a two-dimensional inorganic layered
structure'* and has been widely used as a drug loading
carrier.’> LDH is composed of a cationic layer of positively
charged octahedral metal hydroxide M(OH), and an interlayer
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channel containing anions and water molecules, whose
general formula is defined as [M;_,>"M,>"(OH),J"*-
(A" /) mH,0, where M>" and M>" are the divalent and triva-
lent metal ions, respectively. Some of the M>" ions can be
replaced by M**, while the water molecules and exchangeable
guest anions (A"7) are located in the sandwich channel to
maintain the charge balance.”>'* The surface of LDH is posi-
tively charged, allowing for the adsorption of negatively
charged proteins, nucleic acids and cell membranes through
electrostatic interactions, and the formed nanohybrids can be
effectively taken up by cells through clathrin-mediated or non-
receptor-mediated pathways.">'® Anion exchange is another
method that can be used to functionalize LDH with different
substances in the interlayer space of LDH to improve immu-
notherapy effects, and even adjust the performance of LDH by
changing the layer spacing."”"®

In addition, as a weakly alkaline nanomaterial, LDH can be
easily degraded in acidic environments with low toxicity,
which empowers it to regulate the pH of the TME to facilitate
the transformation of tumor-associated macrophages (TAMs)
from the M2 type to M1 and specifically block the autophagy
pathway of tumor cells by disrupting the lysosomal
functions.®®' Moreover, LDH with a composition of Al
similar to commercial aluminum adjuvants (Alum) has been
shown to have potential adjuvant activity in vivo,* can stimu-
late stronger humoral immunity and can cause less local
inflammation than  Alum, thus inducing robust
cellular immunity.'***** Because of these advantages, LDH

has been used to combine with other species, such as pro-
teins,?® nucleic acids,*® bacteria,?® and other nanomaterials®’
to build up drug delivery systems or tumor vaccines for
improved cancer immunotherapy by promoting antigen pres-
entation, stimulating APC cell activation and other effective
pathways.
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Fig. 1 Construction of LDH-based functional nanoplatforms for cancer
immunotherapy.

LDH has great potential for the construction of tumor immu-
notherapy platforms. Here, we summarize the research progress
of LDH as a carrier and as an adjuvant in the construction of
cancer immunotherapy drug delivery systems (Fig. 1). It should
be noted that this is not a comprehensive review covering all
aspects of LDH-based nanoplatforms for cancer immunotherapy,
but rather a discussion of important developments in the struc-
tural design of tumor nanovaccine and immunotherapy appli-
cations. Finally, the challenges and outlooks of LDH-based nano-
platforms for cancer immunotherapy are also briefly discussed.

2. LDH as a carrier for cancer
immunotherapy applications

LDH with a large specific surface area and positively charged
surface can load negatively charged substances, including pro-
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teins, nucleic acids, and inorganic nanomaterials. In addition,
LDH possesses the characteristic of high biocompatibility and
can be simply mass prepared at low cost. This endows it with
great potential for the construction of cancer immunotherapy
drug delivery systems for clinical translation.

2.1. LDH loaded with nanomaterials

Nanomaterials having different fascinating characteristics,
such as optical properties (e.g., graphene quantum dots),”’
magnetic properties (e.g., iron oxide),”® and enzymatic catalysis
properties®® can be designed for photothermal/photodynamic
therapy, hypothermia, or catalysis of hydrogen peroxide in the
TME to generate reactive oxygen species (ROS) to tackle cancer.

In a recent work, copper (Cu)-containing LDH was devel-
oped as a carrier to load ultrasmall FeOOH nanodots within
the LDH interlayer space inserted with a heat-shock protein
(Hsp90) inhibitor (Fig. 2A). In such a design, FFOOH produces
highly cytotoxic hydroxyl radicals through a Fenton reaction,
and the Cu-LDH nanocarrier acts as a highly efficient near-
infrared (NIR) photothermal conversion agent that can
enhance the ability of FeOOH nanodots to catalyze ROS gene-
ration, while the addition of ganetespib (STA, an Hsp90 inhibi-
tor) prompts the decreased threshold temperature for photo-
thermal therapy (PTT)-mediated cancer cell apoptosis from
above 45 °C to 38-42 °C and enhances the bioactivity of anti-
gens released from dying cells. The triple functions of the
nanocomposite platform led to the immunogenic cell death
(ICD) of tumor cells, characterized by the exposure of calreticu-
lin (CRT) on the tumor cell surface, an “Eat Me” signal and
one of the main signals of ICD (Fig. 2B) for dendritic cell (DC)
maturation and CTL infiltration in tumors and spleens. Then,
the 4T1 (murine breast carcinoma cell line) tumor-bearing
mouse model was applied to establish primary and abscopal
tumors to prove the immunotherapeutic efficacy of the
designed nanosystem. The results showed that the primary
tumor was eradicated, the abscopal tumor growth upon fever-
type heating was restrained, and more cytotoxic T lymphocytes
were induced in the abscopal tumors and spleens after just
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(A) Schematic illustration of therapeutic effects induced by FFOOH@STA/Cu-LDH nanohybrid on both primary and abscopal 4T1 tumors. (B)

In vitro biological characterization using cultured 4T1 cancer cells through confocal laser scanning microscopic imaging (scale bar represents

20 pm).*® Copyright 2020, Wiley-VCH.
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one treatment for one week with the designed LDH
therapeutics.*®

In another study, a pH-responsive, self-destructive intelli-
gent nanoplatform was constructed based on LDH and applied
for breast cancer treatment through magnetic resonance/fluo-
rescence dual-mode imaging-guided mitochondrial membrane
potential damage (MMPD), photodynamic therapy (PDT), PTT,
and immunotherapy under external NIR light irradiation
(Fig. 3A). LDH was effectively loaded with indocyanine green
(ICG) through electrostatic interactions and coated with
calcium phosphate (Caz(PO,),) through biomineralization
(M-LDH/ICG@Ca3(PO,),, MICaP). The pH-sensitivity of
Caz(PO,), rendered the dissociation of the platform in the
TME to release calcium ions, thus leading to the reduction of
mitochondrial membrane potential and the elevated per-
meability of the mitochondrial membrane and consequently
reducing oxygen consumption to solve the TME hypoxia situ-
ation and destroying mitochondrial functions to activate the
intrinsic apoptosis pathway.*’ In the presence of oxygen and
laser irradiation, the incorporated ICG as a photosensitizer
was able to generate cytotoxic ROS, which directly disrupted
cellular components and tumor blood vessels to initiate tumor
cell necrosis for subsequent triggering of ICD.** As shown in
Fig. 3B, the level of CD8" T cells in the MICaP + L (L represents
laser) group was the highest and 1.03 times and 1.72 times
higher than those in the M-LDH®ICG (MI) + L group and the
MICaP group, respectively. Eventually, the immune response
generated by the LDH-based multifunctional therapeutic plat-
form greatly boosts the CTL response, thereby limiting tumor
growth and metastasis.>?

2.2. LDH loaded with RNA

RNA, such as messenger RNA (mRNA), microRNA, and small
interfering RNA (siRNA), has been regarded as a class of highly
attractive drugs for the treatment and prevention of numerous
diseases. Besides, some RNAs play an important role in regu-

. e
T — 55
LoK wLoH

o

@ ro: . Mg

(A)

wice /Paa Ca,(PO.),

e o

5] . -

Primary Tumor.

) “oro,,

Distant Tumor Acid pH

7).

< Immunogenic
il death
GB1

CD8

i

wigrat
Mgt
Mature DC

Tumor-draining lymph node

View Article Online

Review

lating the polarization of macrophages. However, RNAs are
easily degraded by exonuclease and RNA enzymes in the
human body.>**® LDH, with many excellent properties, can be
applied to deliver RNA as a vector to protect RNA from degra-
dation and increase the expression of a given protein or knock
out the target gene or promote the polarization of TAMs to
enhance systemic antitumor immunity.**

Recent studies have reported that LDH loaded with siRNA
could block the intracellular immune checkpoint NR2F6 to
synergistically induce robust immunotherapy effects when
accompanied by the anti-PD-L1 antibody. Furthermore, it was
found that PTT produced by LDH after laser irradiation could
alter the “cold” tumor to a “hot” one for enhanced immu-
notherapy of hepatocellular carcinoma.’” Besides, LDH was
also applied to deliver microRNA-155 (miR155) for develop-
ment and function in both innate and adaptive immune cells,
specifically to modulate the immunosuppressive TME by repo-
larizing TAMs to the M1 phenotype via STAT3, ERK1/2, and
NF-kB pathways, induce the infiltration of activated CTLs, and
inhibit the myeloid-derived suppressor cell infiltration in the
TME (Fig. 4).>°

2.3. LDH/bacteria nanohybrids

It is well known that some anaerobic bacteria such as
Propionibacterium acnes (P. acnes) can target and colonize
tumors on account of the hypoxic characteristics of the TME.>®
In addition, the immunogenicity and metabolites of bacteria
can strongly activate the immune response and induce the pro-
duction of cytotoxic substances, respectively.** However, naked
bacteria in the blood are easily captured and killed by erythro-
cytes, and exposure to antigens can lead to systemic inflam-
mation.”® Studies have shown that using LDH as a carrier to
form LDH/bacteria nanohybrids can avoid the above pro-
blems.?® In a proof of concept study,*® negatively charged bac-
teria were interacted with positively charged LDH to form
nanohybrids, thus avoiding clearance of bacteria during the
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Fig. 3 (A) Preparation of MICaP and the use of MICaP for Ca**-induced MMPD and phototherapy (PDT/PTT) to realize the cancer immune
response. (B) Flow cytometry analyses of the percentages (%) of CD8" T cells in the spleens of mice after various treatments.>® Copyright 2023,

American Chemical Society.
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after different treatments.?®> Copyright 2019, Wiley-VCH.

blood circulation for tumor targeting and colonization with a
good safety profile. Degradation of LDH occurred when the
LDH/bacterial nanohybrids reached the acidic TME, exposing
P. acnes to trigger immune responses. At the same time, the
metal ions released from LDH under the acidic TME partici-
pated in the process of tumor inhibition. Specifically, P. acnes
activated and induced macrophages to express nitric oxide
synthase and release nitric oxide (NO), which accessed tumor
cells and was oxidized to form cytotoxic reactive nitrogen
species (ONOO™). Zn>* released from LDH played a key role in
inhibiting the rapid proliferation of tumor cells and was
tightly regulated by the intracellular metallothionein (MT)
with abundant sulfhydryl groups and free radical scavenging
ability. In addition, NO;™ released from the LDH provided the
substrate for the denitrification of P. acnes. Hence, the concen-
trations of Zn>" and NO;~ gradually increased with the degra-
dation of LDH in the acidic TME. The former broke the
homeostasis of intercellular Zn, while the latter was conducive
to bacterial denitrification, which prompted the greater pro-
duction of cytotoxic ONOO™, compromised the free radical
scavenging ability of MT, and ultimately caused ROS accumu-
lation and DNA damage, leading to apoptosis of cancer cells
(Fig. 5A). In addition, flow cytometry showed that the LDH-
bacterial nanohybrid could induce the transformation of M2-
type TAMs to tumor-inhibiting M1-one (Fig. 5B), which further
promoted the immune response and realized effective antitu-
mor activity.”®

In another study, P. acnes@LDH nanohybrids were similarly
prepared except for that the cations of LDH were changed

612 | RSC Pharm., 2024, 1, 608-621

from Zn*>* to cobalt ions (Co>*). The release of Co>" under
acidic conditions inhibited the activity of superoxide dismu-
tase (SOD), thereby increasing the level of intracellular super-
oxide anion free radicals ("O,~). The reaction of "O,~ with NO
and the production of bacterial denitrification promoted the
production of high and stable active nitrogen ONOO™, leading
to mitochondrial damage and DNA breakage, thereby inducing
tumor cell apoptosis.>* However, the reported LDH/bacteria
nanohybrids have not been used for antitumor immunother-
apy to generate systemic antitumor immunity.

2.4. LDH as a carrier of metal ions

It is well reported that bioactive metal ions are involved in the
regulation of tumors and inflammation through inducing fer-
roptosis®' or activating the CTLs."” The cationic laminate of
LDH consists of divalent and trivalent metal ions, and the type
of metal ion can be changed by replacing the cation precursor,
which empowers LDH with the peculiarity to load a variety of
metal ions and an adjustable band gap to achieve highly
efficient tumor therapy (Table 1). For example, MgCaFe-LDH
(MCF) was prepared by reacting three cationic precursors with
a base solution (Fig. 6A). The introduced Ca** modulated the
energy band of LDH and effectively promoted the separation
of electron-hole pairs, thus equipping LDH with outstanding
sonodynamic therapy (SDT) performance. The release of Fe**
from LDH in the TME exhausted GSH to generate Fe** that
could induce a Fenton reaction and activate the ferroptosis
pathway (Fig. 6B), prompting LDH to overcome the immune
suppressive TME with increased oxidative stress.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 A summary of LDH components with different functionalities

Samples Ions Functionalities Ref.
Co-LDH Co™* Inhibiting the activity of SOD, thus increasing the level of intracellular 39
superoxide anions
Cu-LDH cu** As an efficient NIR photothermal conversion agent 30
Fe-Ni-LDH Fe*"; Ni%* Fe** can be reduced to Fe** by intracellular GSH to achieve a Fenton-like reaction, 43
and Ni** can mediate the Fenton-like reaction. Both Fe*" and Ni** enable CDT
through ROS production
MgCaFe-LDH Mg**; Ca**; Fe** Ca®" renders LDH with SDT performance and Fe*" depletes GSH to generate Fe** 44
for Fenton reaction mediation. The combined pro-inflammatory effects of Ca**
and Fe?* promote a higher ratio of M1 polarization of TAMs
Zn-LDH Zn** Zn>" activates the cGAS-STING signaling pathway 45
MgMnFe-LDH Mg*"; Mn*'; Fe** Mn>" promotes the generation of ROS and oxygen and maturates DCs; 46
Fe** is used to react with GSH to form Fe®" for Fenton reaction mediation
and ferroptosis of cancer cells
MgAI-LDH Mg>*; AP AI** is used to activate immunity, similar to traditional Alum adjuvants 23

In addition, the expression of the natural killer activating
receptor NKG2D in CD8" T cells was downregulated in
response to intracellular Mg”" lessening, which hindered the
antitumor immune response.’”” Thus, the presence of Mg>*
conferred the ability of LDH to activate T cells. Moreover, LDH
exhibited the ability to polarize TAMs toward the M1 pheno-
type and excellent immunotherapy function on account of the
combined proinflammatory effects of the incorporated Ca>*
and Fe®'/Fe*". Furthermore, the integrated Mg>* and Ca** in
LDH synergistically activated CD8" and CD4" T cells and
enhanced T cell infiltration into tumor tissues. Overall, this
work addressed the use of LDH as a carrier of multiple bio-
active metal ions for integrated TME regulation, SDT of tumor
cells, and immune activation to effectively treat cancer.**

In another study,’® a local element rearrangement strategy
was employed to reconstruct iron-based LDH by partially repla-
cing Mg>" with Mn>* to form MgMnFe-LDH as a novel ultra-
sound-triggered catalyst for efficient SDT of tumors (Fig. 6C).
In the authors’ design, Mn>* changed the length of the Fe-O
bond and generated active metal sites with a higher electron
density, which improved the catalytic performance of LDH to
realize the self-supply of oxygen and strong ROS generation

© 2024 The Author(s). Published by the Royal Society of Chemistry

abilities and reduced the band gap of LDH to promote the for-
mation of e-h" pairs to form "0, and 'O, for improved SDT
performance. In addition, the doped Mn”" as an active agent
can effectively promote DC maturation and regulate immuno-
suppression. Overall, the developed MgMnFe-LDH enabled
efficient treatment of a murine breast cancer model through
the synergistic strategy of ferroptosis brought by Fe**, SDT and
immunotherapy.*®

2.5. Endothelial barrier-crossing of LDH-based
nanoplatforms

Tumor tissue targeting mainly utilizes tumor vascular leakage
and tumor lymphatic system defects to passively accumulate
nano-sized particles in solid tumors through enhanced per-
meability and retention (EPR) effects.*® LDH nanomaterials
can cross the endothelial barrier through the EPR effect. For
instance, Lu et al.*® demonstrated that LDH-based composite
nanoplatforms can effectively accumulate in the tumor area,
and the fluorescence intensity can reach a peak at 24 h post-
injection due to the long blood circulation time of nano-
particles (NPs) and the EPR effect. In another study, Zhu
et al.*® proved that MICaP NPs could reach the tumor site

RSC Pharm., 2024,1, 608-621 | 613
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through the EPR effect, leading to the decomposition of
Ca3(PO,), and the release of ICG.

However, the EPR effect, as one of the main mechanisms by
which solid tumor accumulates nanomaterials after systemic
administration, has become controversial due to its diversity
across tumors and species (insufficient vascular endothelial
space in human tumors compared to mouse models).’® In a
recent study, Warren Chan et al>' found that endothelial cell
gaps in tumor blood vessels were 60 times smaller than the
injected NPs and that NPs can be accumulated in tumors
through a trans-endothelial pathway (transcytosis). These find-
ings challenge the early understanding of EPR effects and could
impact the rationale for developing cancer nanomedicines.
However, the transcytosis pathway as well as the so-called nano-
material-induced endothelial leakiness (NanoEL)*> have not
been found or explored for LDH-based nanoplatforms.
Alternatively, LDH is often functionalized with different target-
ing ligands (e.g., folate,>® hyaluronic acid,>® or peptides®) or
camouflaged by cancer cell membranes®®®” to achieve active tar-
geting of tumors along with the passive EPR effect.

3. LDH-based nanovaccines for
cancer immunotherapy

Vaccines have been widely adopted for cancer immunotherapy
because of their ability to induce tumor-specific immune
response.”® Vaccines involve in the cancer immune cycle,
which begins with the release of tumor antigens, the uptake of
antigens and then the stimulation of cross-presentation of
tumor antigens by APCs, the initiation and activation of T
cells, the transport and infiltration of tumor antigen-specific T
cells, the recognition of tumor cells by T cells, and finally the
destruction of tumor cells by CTLs.>®> Compared to traditional
vaccines with the characteristics of low efficiency of APC
antigen presentation and less accumulation in lymph nodes
caused by direct administration of naked antigens in vivo,
nanovaccines show many potential advantages, such as
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enhanced stability of antigens through the packaging and
shielding effects of the carrier, improved uptake of antigens by
APCs, accumulation and retention of antigens/adjuvants in
lymph nodes through size regulation or targeting ligand modi-
fication of nanomaterials, enhanced immunogenicity by the
addition of an immune adjuvant,®® as well as improved tumor
antigen-specific CTL response through antigen
presentation.’>®" Thus, nanovaccines have a very broad pro-
spect in immunotherapy.

Adjuvants, as one of the important components of vaccines,
can improve the strength, breadth, and persistence of the
immune response (Fig. 7).°” Adjuvants, a kind of immune
stimulants that are dangerous signaling molecules with
similar functions as pathogen-associated molecular patterns
or damage-associated molecular patterns, can trigger the
innate immune responses to induce activation and matu-
ration of APCs by targeting pattern recognition receptors
(PRRs) on APCs. After maturation, APCs terminate antigen
phagocytosis to enhance their ability to present and express
high levels of co-stimulatory signals and cytokines, initiating
and enhancing adaptive immune responses.®*®* Different
types of immunostimulants generated signals by targeting
different PRRs, leading to secretion of different cytokines.
Currently, the immunostimulants are mainly divided into
four categories according to the different APC receptors: toll-
like receptors,® cyclic guanosine monophosphate-adenosine
monophosphate synthase-stimulator of interferon genes
(cGAS-STING),*® C-type lectins® and others.®**® Common
adjuvants included aluminum, oil-in-water emulsions,
liposomes, which have been approved for use in human vac-
cines but still face many obstacles, including the highly
immunosuppressive TME, the anisotropic structure and poor
dispersion of adjuvants, downregulation of MHC, failed acti-
vation of APCs, and non-biodegradability, which limit their
therapeutic effects.'>**% The process of activating APCs is
often accompanied by the transformation of TAMs from the
M2 type with the pro-tumor immunosuppressive state to the
M1 type with the antitumor immunoactivation state, thus
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(A) Vaccines without adjuvants induce modest production of T helper-polarizing cytokines, antibodies, and activated T cells. (B) In contrast,

vaccines with adjuvants promote the maturation of APCs, increase the interaction between APCs and T cells, and promote the production of greater

numbers and more types of T helper-polarizing cytokines, multifunctional T cells, and antibodies, leading to broad and durable immunity.

Copyright 2023, Springer Nature.

building up a multi-directional pro-inflammatory network to
trigger powerful antitumor immunity.”®

LDH with an aluminum component has been proven to be
a better alternative to the traditional Alum adjuvant.”" It could
induce effective immune responses for more than four months
with a more active immunostimulatory effect, attributed to its
abilities of effective drug loading, sustained drug release, and
constant immune stimulation,>*”> promotion of TAMs repolar-
ization from M2 to M1 by blocking the autophagy of TAMs via
efficiently disrupting endosomes and lysosomes, and inhi-
bition of the formation of myeloid-derived suppressor cells.”®
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3.1. LDH-antigen vaccines

BSA-Cy7, a model antigen, was devoted to investigating the
properties of different adjuvants. The LDH-antigen vaccine
was shown to form loose nodules as biodegradable depots
in situ after intravenous administration, kept releasing anti-
gens and recruited more leukocytes and macrophages than the
aluminum adjuvant with tight agglomerates (Fig. 8A).>®
Moreover, the application of LDH was proven to induce more
efficient cellular responses, with spleen cells in the LDH group
secreting approximately 1.6 times more interferon-y (IFN-y)
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(A) Clay nanoadjuvant complexed with antigens was able to form nodules with a loose structure at the site of injection. The low aggregations

were connected with electrostatic bridging that became destabilized and detached from the surface of nodules when it was exposed to a body fluid
(containing albumin).?* Copyright 2018, Wiley-VCH. (B) Schematic representation showing the construction of Trp2-LDH-silDO NPs and their endo-
cytosis and cellular tracking pathways.'®> Copyright 2017, The Royal Society of Chemistry.
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than the aluminum adjuvant group and durable immune
responses on account of continuous stimulation and increased
memory T-cell responses. These results demonstrated the
great potential of LDH as a new type of adjuvant in
immunotherapy.>®

In another research,”* ovalbumin (OVA) was used as a
model antigen and complexed with LDH to form an LDH-
antigen vaccine. The designed vaccine stimulated DC matu-
ration by greatly increasing the MHC II complex on DCs. At
the same time, the OVA antigen was released from the LDH-
OVA complex into the cytoplasm of tumor cells and then enzy-
matically degraded into functional epitopes, which interacted
with MHC class I complexes, leading to the presentation of the
MHC class I-functional epitope complexes on the surface of
DCs and eventually activating T cells to achieve the desired
immunotherapy effect in vitro.

3.2. LDH-nucleic acid vaccines

DNA (encoding a specific protein antigen) vaccines can induce
humoral and cellular immunity.”> However, the effect of DNA
vaccines is limited due to the limited bioavailability of DNA.”®
In addition, only a tiny fraction of the DNA injected enters the
nucleus of DCs.”” Therefore, it is necessary to develop effective
vectors to improve the efficiency of DNA delivery, induce
effective immunity, and increase the intensity of immune
responses.

LDH, as both a carrier and an adjuvant, has been used to
enhance the antitumor ability of DNA vaccines. In 2011,”> Li
et al. reported an LDH-DNA vaccine loaded with DNA (stably
transfected with ¢cDNA of OVA) through electrostatic inter-
actions and showed that LDH can protect DNA from degra-
dation in the presence of DNase I enzyme, deliver DNA to
draining lymphoid tissue and DCs for endocytosis through
intradermal administration, improve the effectiveness of the
vaccine in producing specific antibodies, and overcome the
physiological barrier of lymph node tunica and lymph-vessel
gap via increasing the overall momentum of the LDH-DNA
vaccine. Moreover, the LDH-DNA vaccine enabled DC matu-
ration to trigger an antigen-specific Th1 immune response and
TAMs to be repolarized into an M1-like phenotype, ultimately
achieving efficient antitumor immunity.”> In addition, LDH as
an adjuvant has also been used to construct an LDH-RNA
vaccine for immunotherapy of melanoma.'® Specifically, the
Trp2/LDH/siIDO vaccine was prepared by inserting indolea-
mine 2,3-dioxygenase siRNA (siIDO) into the interlayer of LDH
to avoid RNase A degradation and loading tyrosinase-related
protein 2 (Trp2) on the surface of LDH (Fig. 8B). The Trp2/
LDH/siIDO complexes entered the cells through the endosome
pathway and then escaped from the endosome by destroying
the endosome membrane through proton buffering in an
acidic environment to release Trp2 and siIDO. The former
combined with MHC class I molecules presented on the DC
surface and stimulated the activation of T cells, while the latter
combined with the mRNA transcribed by IDO genes to inhibit
the translation of IDO enzymes to overcome the immunosup-
pressive TME." LDH not only acts as an adjuvant to promote
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cellular immunity but also acts as a positive charge carrier to
load protein and nucleic acids, which has a great prospect in
constructing highly efficient nucleic acid vaccines.

3.3. LDH-CpG dual-adjuvant vaccines

Compared with a single LDH adjuvant, LDH combined with
other adjuvants can synergistically improve the antitumor
immune response of the vaccine.”® CpG, as a bioadjuvant, is
reported to maturate DCs by interacting with toll-like receptor-
9 and enhance cell-mediated immune responses.”® By integrat-
ing CpG with LDH, a dual-adjuvant vaccine has been
constructed.”®®® For example, Xu et al. proposed a new
“Trojan horse” scheme to construct an LDH-CpG dual-adju-
vant vaccine, in which cancer cell membranes (CCMs) were
assembled on the surface of the LDH-CpG dual-adjuvant
vaccine and then coated with mannose-modified BSA. Among
them, LDH combined with CpG acted as dual-immunostimu-
lant adjuvants to trigger DC maturation, CCMs were con-
sidered as an antigen due to their expression of abundant
tumor-associated antigens (TAAs) and tumor-specific antigens
to also stimulate DC maturation, mannose was applied for tar-
geting APCs to induce strong antitumor immune responses,
and BSA prevented the immune-escape of the CCMs in APCs
by masking CCM antigens. In addition, the LDH-CpG dual-
adjuvant vaccine could migrate to the draining lymph nodes
(dLNs) to trigger tumor-specific CD8" T cell responses in vivo
and eventually significantly inhibit tumor growth.®*

Many other functional therapeutic platforms have been
developed based on LDH-CpG dual-vaccines. For example, Gu
et al. reported the use of Cu®"-doped LDH to load CpG. The
addition of Cu®* imparted the LDH-CpG vaccine with the che-
modynamic therapy (CDT) ability through the Fenton-like reac-
tion with the high-level H,0, in the TME, thus enabling syner-
gistic CDT-immunotherapy to ultimately inhibit the growth of
both primary and distant tumors through the created immune
responses.®’? In another study,®® Liu et al. designed a multi-
functional LDH-CpG dual-adjuvant vaccine for the synergistic
PTT/chemotherapy/immunotherapy of a murine breast cancer
model (Fig. 9A). In brief, ICG was intercalated into LDH inter-
layers for PTT, while CpG and doxorubicin (Dox)/DNA prodrug
with the characteristics of stable and low side effects were
loaded onto the LDH particle surface for immune activation
and chemotherapy, respectively (Fig. 9B), thus effectively pre-
venting the recurrence and metastasis of invasive breast
cancer (Fig. 9C).

3.4. In situ vaccines using LDH as an adjuvant

The vaccines described above were all pre-prepared ones
in vitro, which required the identification of tumor-specific
antigens. Antigens were generally derived from killed tumor
cells, tumor cell lysates, tumor-derived exosomes, and a few
previously identified peptide and protein antigens for certain
types of cancer. Besides, neoantigens from the genetic
mutation of tumor cells have also been used to construct
cancer vaccines to trigger tumor-specific CTL responses.
However, the low frequency of neoantigens expressed by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A) Hybrid nanovaccine constructed by first coating with BSA and then orderly loading ICG, Dox/DNA prodrug, and CpG ODN 1826. (B)

Nanovaccine with 808 nm NIR irradiation heats the tumor tissues and releases Dox at a temperature above 41 °C to kill tumor cells through efficient

PTT and subsequent chemotherapy (for short, CTX). (C) Matured DC acti
Copyright 2019, American Chemical Society.

heterogeneous tumor cells reduced the effectiveness of cancer
vaccines. In situ vaccines can be formed directly using
endogenous antigens produced by tumors, which is promising
for personalized medicine development.

In a recent work,*” Ling et al. applied Zn>*-doped LDH (Zn-
LDH) to design an in situ vaccine (Fig. 10A). In such a design,
Zn>" released from Zn-LDH in TME produced reactive oxygen
species (ROS) to accelerate mitochondrial damage and com-
bined with DNA released from damaged mitochondria to acti-
vate the cGAS-STING signaling pathway in tumor cells and
induce the ICD. Subsequently, TAAs released by ICD induced
through Zn**-mediated CDT were captured by Zn-LDH to form
an in situ vaccine that was delivered to tumor-associated dLNs
to induce the CTLs (Fig. 10B). In another study,>® LDH was
shown to promote immune response by neutralizing the acidic
TME and destroying lysosomes of tumor cells, thus leading to
autophagy destruction and tumor cell death. Subsequently,
LDH captures tumor antigens released from dying tumor cells
to form an in situ vaccine to effectively inhibit the growth of
both melanoma and colon tumors. Lastly, TAAs resulting from
radiofrequency ablation could be captured by cGAMP-loaded
LDH to form an advanced in situ vaccine. The created LDH-
c¢GAMP can be effectively ingested by cancer cells or immune
cells, inducing a strong type I interferon response, and the
formed in situ vaccine can produce sustained immune stimu-
lation and effectively promote the activation of DCs. Moreover,

© 2024 The Author(s). Published by the Royal Society of Chemistry

vate naive T cells in the dLNs and induce potent CTLs (CD8* T Cells).*

this therapeutic nanoplatform significantly altered the TME,
improved the response efficiency of the anti-programmed
death ligand 1-based immunotherapy effect, and made it poss-
ible to treat liver cancer with poor immunogenicity.?*

3.5. The mechanism of LDH-enhanced antigen presentation
and immune cell activation

In general, the mechanism of LDH to induce a strong immune
response can be summarized as follows: LDH serves as a
carrier to load antigens, forming a delivery system with loose
structure clumps with antigens at the injection site (the depot
effect).>® Due to the slow acid-triggered degradation process of
LDH, the antigen can be continuously released for immune
cell recruiting, thus effectively promoting the proliferation of
memory T cells and then promoting the internalization of
antigen to generate intracellular danger signals for APC matu-
ration and immune response stimulation. A recent study of the
LDH-OVA nanovaccine”® showed that LDH coordinated with
activation signals of cytokines and chemokines, co-stimu-
lators, and proteases to help OVA maturate DCs. Due to the
rapid endosomal escape, the LDH-antigen complex enables
antigen processing into epitopes complexed with MHC class
II/I complexes for subsequent (cross)-presentation.

LDH also carries metal ions that activate the immune
response. For example, Zn>* in Zn-LDH activates the
c¢GAS-STING signaling pathway by binding to DNA released by
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damaged mitochondria, thereby stimulating powerful antitu-
mor immunity.*> Reduction of intracellular Mg>" leads to
downregulation of the natural killer activating receptor NKG2D
in CD8" T cells, hindering their antitumor response.**

3.6. Comparison with other immunotherapy nanoplatforms

At present, the widely used delivery platforms are lipid NPs
(LNPs), mesoporous silica NPs, gold NPs and so on. LNPs are a
potent RNA carrier,®® which can envelope RNA and promote
RNA transport to the cytoplasm. LNPs are also a potent multi-
functional adjuvant to combine with multiple antigens and
induce a robust T follicular helper cell response and a durable
protective antibody titer.*® However, the synthesis of LNPs is
quite complicated, while the preparation of LDH is simple and
convenient. In addition, LDH is stable and has a longer
storage time period than LNPs. Gold NPs can be synthesized
to have controlled size, optical properties and surface function-
ality. They have a high surface area to volume ratio and a
tunable loading of biomolecules, drugs and imaging contrast
agents.”” However, gold NPs can be easily bound with various
proteins in the human body to form agglomerates that are
difficult to be cleared out of the body, while LDH is a bio-
degradable material and there is no issue regarding its body
clearance. Mesoporous silica NPs,*® as another inorganic
material, are rich in functionalizable silanol groups, have an
adjustable pore structure (pore size > 0.6 cm® g~') and a large
surface area (>600 m” g™, and are easy to be synthesized on a
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large scale. Although mesoporous silica NPs can resist a wide
range of stresses, including pH, mechanical and thermal stres-
ses for promising therapeutic and diagnostic applications,
they do not have intrinsic immune adjuvant properties, which
are instead possessed by LDH for convenient nanovaccine
construction.

4. Conclusion and prospects

The immunotherapy platform based on LDH has made
remarkable progress. On the one hand, the inherent advan-
tages of a large plane structure, weak base composition, rich
positive charge, and special interlayer structure make it an
excellent carrier for constructing a range of immunotherapy
platforms. LDH can be integrated with nanomaterials, RNA, or
bacteria through electrostatic interactions, or be doped with
metal ions with different functions by changing the type of
salt. On the other hand, as a substitute for traditional adju-
vants, LDH can directly boost cancer immunotherapy and has
a great prospect in constructing LDH-based nanovaccines
through integration with antigens, nucleic acids, CpG adju-
vants/antigens (as a dual-adjuvant vaccine), or newly formed
TAAs during the tumor treatment process (as an in situ
vaccine).

Despite these promising advances in building LDH-based
immunotherapy platforms/vaccines to inhibit tumor growth,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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there are still some challenges and spaces to be explored. For
instance, it is necessary to precisely control the size, charge,
and internal space of LDH to ensure a consistent treatment
effect. In this case, in order to better control the quality of the
material, the microfluidic method may be used to synthesize
specific LDH by optimizing the ratio of metal salt to alkali
solution and the channel size and the flow rate of the micro-
fluidic chip. In addition, there are few studies on targeted
delivery of LDH-based immunotherapy platforms/vaccines,
and it is necessary to develop LDH-based platforms or vaccines
that are modified with targeting ligands or cell membranes to
achieve the desired targeting specificity of cancer cells or
immune cells or to realize the targeted delivery to typical
tumor types (e.g., brain glioma) after blood-brain barrier cross-
ing. In addition, the complex diversity of the TME often affects
the effectiveness of immunotherapy; so it is critical to develop
multi-approach combination therapy platforms, such as the
development of PTT-immunotherapy-CDT combination
therapy platforms, to achieve multi-directional stimulation of
immune responses. Lastly, personalized therapeutic nanovac-
cines should also be developed through the formation of
in situ vaccines or use of all-cell-component TAAs to tackle
different tumor types.

Abbreviations

Alum Aluminum adjuvants

APCs Antigen-presenting cells

CCM Cancer cell membranes

CTLs Cytotoxic T lymphocytes

CRT Calreticulin

CTX Chemotherapy

CcGAS-STING Cyclicguanosine monophosphate-adenosine
monophosphate synthase-stimulator of inter-
feron genes

DCs Dendritic cells

dLNs Draining lymph nodes

Dox Doxorubicin

Hsp90 Heat-shock protein 90

ICG Indocyanine green

ICD Immunogenic cell death

IFN-y Interferon-y

LDH Layered double hydroxide

MCF MgCaFe-LDH

MMPD Mitochondrial membrane potential damage

MHC Major histocompatibility complex

MICaP M-LDH/ICG@Caj3(PO,),

miR155 MicroRNA-155

mRNA Messenger RNA

MT Metallothionein

NIR Near-infrared

ONOO™ Cytotoxic reactive nitrogen species

‘0,” Superoxide anion free radical

OVA Ovalbumin

P. acnes Propionibacterium acnes
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PDT Photodynamic therapy
PTT Photothermal therapy
PRRs Pattern recognition receptors
ROS Reactive oxygen species
SiRNA Small interfering RNA
SDT Sonodynamic therapy
silDO Indoleamine 2,3-dioxygenase siRNA
TAA Tumor-associated antigen
TAMs Tumor-associated macrophages
TME Tumor microenvironments
Trp2 Tyrosinase-related protein 2
Zn-LDH Zn**-doped LDH
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