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ABSTRACT

Dendritic cells (DCs) are potent antigen presenting cells that play a crucial role in stimulating T cell responses against
cancer. DC vaccines have been utilized as an immunotherapy approach for cancer treatment, but their effectiveness is
hampered by challenges in the tumor microenvironment. Graphene oxide (GO), a cutting-edge carbon-based nanomaterial,
has shown promise in modulating DC activation and function. This review highlights the recent advancements in DC
vaccines and explores how GO can enhance their efficacy for cancer treatment. By leveraging the unique properties of
GO, such as its biocompatibility and immunomodulatory effects, DC vaccines can potentially be optimized to overcome
the limitations of the tumor microenvironment and achieve improved outcomes in cancer immunotherapy.
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Dendritic cells (DCs) play a crucial role in integrating the innate and
adaptive immune responses and are considered the most effective profes-
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sional antigen-presenting cells (APCs). The presence of DCs in lymphoid
tissues and peripheral blood is crucial for antigen-specific immune responses.
These cells uptake tumor-specific antigens through pattern recognition re-
ceptors (PRR), such as Toll-like receptors, and digest them into small pep-
tides that are presented on major histocompatibility complex I (MHC-I) or
MHC-II molecules expressed on the DCs surface!!!. Activated DCs then mi-
grate into the lymphoid organ and bind with Th1 (CD4" T cells) cells through
the MHC-II molecule!'. This process stimulates the secretion of cytokine
milieu such as IL-2 and IFN-y, which are essential to activate and proliferate
antigen-specific cytotoxic T lymphocytes (CTLs)/CD8" T cells (Figure 1),
Alternatively, MHC-I molecules on DCs bind to CD8" T cells and generate
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antigen-specific CTLs in the presence of Thl cyto-
kines”. Additionally, the MHC-II molecule on
APCs binds with Th2 cells, stimulating the secre-
tion of IL-4 and IL-10, as well as interaction with
B cells to promote antigen-specific antibody pro-
duction (Figure 1)\, T cell activation stimulates T
cell differentiation into Th1, Th2, Th17, or regula-
tory T cells (Tregs) based on the cytokine environ-
ment?. Due to the effectiveness of DCs in pro-
cessing and cross-presentation of antigens to both
CD4" and CD8" T cells, they have been developed
as vaccine platforms to elicit anti-tumor CTL CDS8"
T cell immune responses’®’. High penetration of
blood stream-derived CTLs into tumors suppresses
cancer cell growth because activated CTLs produce
perforin and granzyme B that eliminate cancer

cells®.

Antigen specific
Antibody production

Malignant celly

Figure 1. DCs stimulate CD4" and CD8" T cells to diminish
malignant cells.

Developing effective DC vaccines is hindered
by various challenges, including the limited immu-
nogenicity of tumor-associated antigens (TAAs),
low efficiency in loading antigens, and the immu-
nosuppressive nature of the tumor microenviron-
ment (TME). However, the emergence of nano-
materials, specifically graphene oxide (GO), offers
promising avenues to enhance the efficacy of DC
vaccines. GO enables the efficient loading of anti-
gens and adjuvants through diverse mechanisms
such as electrostatic and hydrophobic interactions,
as well as covalent binding. Moreover, it facilitates

the targeted enrichment of TAAs in lymph nodes
by leveraging its unique physical and chemical
properties. This comprehensive review aims to
shed light on several aspects, including the crucial
role of DCs in the immune system, the impact of
the TME on the function of DCs, the advancements
in DC vaccine production and progress within clin-
ical settings, and the potential of GO to signifi-
cantly improve the efficacy of DC vaccines for can-
cer immunotherapy.

1.1 Impaired function of DCs in the tumor
microenvironment

The tumor microenvironment (TME) is a
complex ecosystem comprising various cellular
and non-cellular components. The cellular compo-
nents of TME include immune cells such as lym-
phocytes, macrophages, neutrophils, DCs, and
mast cells!*!. These immune cells interact with tu-
mor cells and modulate their growth and spread.”
A substantial body of evidence suggests that the
TME is composed of a diverse array of immune
cells that promote tumor growth and metastasis.
These include tumor-associated neutrophils
(TANS), tumor-associated macrophages (TAMs),
Th2 cells, and Tregs. Collectively, these immune
cells contribute to the establishment of an immuno-
suppressive environment, facilitating the survival
and metastasis of tumor cells, and facilitating eva-
sion of immune destruction!®’. However, there are
still several adaptive immune cells that play an im-
portant role in the inhibition of cancer, such as
CTLs, Thl and natural killer (NK) cells!*. In con-
trast, T regulatory (Treg) cells promote the growth
of cancer cells because the activation of CTLs and
Th1 that function in the killing of cancer cells could
be inhibited by Treg cells!®’. Furthermore, tumor-
associated macrophages (TAMs) secrete IL-4 and
promote tumor progression as well as the penetra-
tion of cancer cells into the bloodstream!”. In addi-
tion, tumor growth is also stimulated by myeloid-
derived suppressor cells (MDSCs) since it pro-
motes IL-4 secretion, ROS production, and argi-
nine metabolism™. Pro- and anti-tumoral cells de-
tected in TME are shown in Figure 2. The mode of
action for each pro and anti-tumoral cells were
summarised in Table 1.



Table 1. Mechanism of action of each pro-tumoral and anti-tumoral cells in TME

Cells

Mechanism of action

References

Pro-tumor

Tregs

Th2 cells

TAMs (M2 mac-

rophage)

MDSCs

Hinders the activation and effectiveness of CTLs and Th1 cells via secretion of
TGF- and IL-10 that lead to the promotion of immune tolerance and assists the
tumor in evading the immune system’s attack.

Suppressing Thl cell-mediated immunity and stimulate M2 macrophages via se-
cretion of IL-4 that exacerbate tumor growth by accelerating angiogenesis.

Exerting pro-tumoral effects by producing anti-inflammatory cytokines (e.g., in-
terleukin-10, TGF-f) that inhibit CTLs and Th1 cells activation, secrete growth
factors, such as vascular endothelial growth factor (VEGF) and fibroblast
growth factor (FGF), which stimulate angiogenesis.

Upregulate immune-inhibiting molecules such as Arginase-1 and inducible nitric
oxide synthase (iNOS) that inhibit Th1 and CTLs activation, reduced antibody
dependent cell mediated cytotoxicity (ADCC) function by NK cells that promote
tumor progression.

[6,9]

[7,10]

[7,11]

[8,12]

Anti-tumor

CTLs (CD8' T
cells)

Thl cells

NK cells

M1 macrophages

DCs

Activated CTLs recognize TAA presented on MHC-I molecules and exert anti-
tumoral effects by directly destroying tumor cells via perforin and granzyme B.

Secreting IFN-y that promote CTLs activity, induce an anti-tumoral immune re-
sponse, and hinder tumor growth.

Directly recognize and destroy tumor cells by secreting perforin and granzymes,
inducing apoptosis in tumor cells via ADCC, produce IFN-y that activate CTLs
and Th1 immune responses and inhibit tumor growth.

Producing pro-inflammatory cytokines (e.g., IFNy, IL-1p, and TNF-o) and reac-
tive oxygen/nitrogen species, which contribute to tumor cell death and the initia-
tion of an immune response against the tumor.

Capture TAA secreted from tumor cells, process them, and present them to
CTLs cells, promoting CTLs activation that generate of an anti-tumoral immune

response.

T Cell
Dendritic Cell

Myeloid-Derived

Suppressor Cells Regulatory T Cell

Macrophage Cell

Natural Killer Cell

Figure 2. Tumor microenvironment.

The composition of non-cellular components
of the TME are extracellular matrix (ECM), blood
vessels, and wide arrays of soluble factors exist
surrounding a tumor. The ECM is a complex net-
work of various proteins namely collagen, fibron-
ectin, glycosaminoglycans, laminin and proteogly-
cans!'*. ECM acts as a scaffold that support tissues
structural. In TME, the ECM undergoes remodel-
ling that alters its composition and organization.
Modified ECM can stimulate tumor cell migration,
invasion, and angiogenesis!'*!. Blood vessel in tu-
mor play important role in supplying oxygen and
nutrients for their growth. In TME, abnormal blood

vessels more prominent and tend to obstruct the de-
livery of oxygen and drugs, promote tumor cell in-
travasation, and accelerate tumor metastasis''.
Various soluble factors such as growth factors, cy-
tokines, chemokines, and extracellular vesicles se-
creted by tumor cells and surrounding stromal cells,
such as fibroblasts and immune cells in TME can
regulate tumor cell proliferation, survival, angio-
genesis, immune responses, and tissue remodel-
ling!'"¥. They create a dynamic communication net-
work between tumor cells and the surrounding
TME.

Within the TME, DCs also play a crucial role
in stimulating tumour-specific CTLs, thus eliciting
anti-tumor immune responses'®'>. Human DCs can
be classified as conventional DCs (cDCs) and
plasmacytoid DC (pDC). ¢cDCs can be further cat-
egorised as ¢DC1 (CD141" DCs) and cDC2
(CD1c" DCs) subsets!'®. Despite their crucial role
in anti-cancer immunity, many evidence suggest
that DCs in tumours become largely defective due



to lack of maturation markers and are no longer ca-
pable to activate CTLs to kill cancer!'”. Further-
more, they are often outnumbered by other myeloid
cell subsets, such as TAMs and MDSCs that ac-
tively suppress the anti-tumor responses!'®). Re-
cently, Lavin et al. reported a decrease in cDC1 ac-
companied by a low number of activated CD8" T
cells in the tumors of early stage lung adenocarci-
noma patients!'®). These observations suggest that
tumor-derived factors actively suppress normal
DCs function and recruitment to the TME, which,
in turn, directly impacts the efficacy of DC vac-

cines?%2!,

1.2 DC vaccine

DC vaccines, which have emerged as a potent
tool for reactivating the immune system to combat
tumor cells, have undergone significant advance-
ments in the past two decades. The typical process
of preparing a DC vaccine involves inducing pa-
tient-derived monocytes with GM-CSF and IL-4 to
generate DCs, exposing them to variety of tumor-
associated antigen (TAA) from various sources to
induce maturation, and ultimately administering
the mature DCs to the recipient (Figure 3)?%. DCs
treatment has been shown to increase the number
of these cells in the draining lymph node, where
they engage with T cell to induce immune re-
sponses'®. While it has been demonstrated that
only a small percentage of injected DCs migrate to

Generation of DCs by stimulating
monocytes isolated from patient's
leukocytes with GM-CSF and
IL-4

\ } .
d N
O —————— —
=}
O
A -
O
7]
Leukapheresis was carried out AN
to remove leukocytes from a
patients's blood using
apheresis machine

o

L
DCs pulsed with TAA known as
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the lymph node, most of the administered DCs ac-
cumulate at the site of vaccination, triggering a
strong immune response within the area due to the
development of tertiary lymphoid tissues®®*!. A va-
riety of tumor antigens can be utilised, including
tumor DNA, tumor RNA, tumor derived peptides,
whole tumor cells, whole tumor protein and viral
vector-encoding proteins®. In vivo DC vaccines
have been investigated using various approaches
such as DC-targeting delivery vectors, immunolip-
osomes, or moieties targeting receptors on DCs,
and tumor antigens may be delivered in chimeric
protein complexes®®?”). DC vaccines exhibit mini-
mal toxicity compared to traditional cytotoxic ther-
apies, allowing them to be used for the clinical
treatment of various cancers”?. Food and Drug
Agency (FDA) has approved DC vaccine namely
Provenge to treat an asymptomatic or minimally-
symptomatic castration-resistant prostate cancer'*®,
Moreover, the randomized trials have been carried
out in multicenter and indicated a high clinical ef-
ficacy of DCs pulsed with an immunogenic WT1
mRNA™!, whereby autologous DCs pulsed with
patient-derived tumor cells has stimulated potent
anti-tumoral immune response in acute myeloid
leukaemia or multiple myeloma patientsP**!,
However, despite promising results in some clini-
cal trials, most objective clinical responses have
been far from satisfactory.

Generated DCs was induced
with lipopolysaceride and TNFa

o Tumor associated antigen (TAA)
e ) (whole tumor cells, tumor-derived
peptides, proteins, DNA, RNA, and
viral vector-encoding proteins)

/ TAA was pulsed into matured
DCs to produce optimum immune
response to cancer cells

Figure 3. A typical process of DC vaccine preparation from patient’s blood sample.

The lackluster performance of DC vaccines in
clinical settings is largely due to tumor-induced im-

munosuppression. The effectiveness of these vac-
cines depends on a wide array of immune factors
and their molecular mechanisms. The efficacy of



DC-based vaccines is often hindered by immuno-
suppression, immune subversion and immune pen-
etration in the TME caused by tumor burden*”
Poor immunogenicity, as a result of MHC mole-
cules or tumor antigen damage is a major contrib-
utor to immune evasion**!. The migration and pen-
etration of immunosuppressive cells like Tregs and

MDSCs can also disrupt the anti-tumor response!*”.,

Immunosuppressive cytokines such as CCL22, IL-
10, TGF-p and VEGF, can stimulate these cells to
prevent the anti-tumor immune response* =%, DCs
in the TME may also be phenotypically immature,
leading to their reduced functionality, possibly due
to their inherent plasticity®”. Thus, novel and po-
tent DC vaccines need to be developed to improve
their anti-tumor performance.

2. Graphene oxide (GO)

Graphene oxide (GO) has gained significant
attention in recent years due to its unique mechan-
ical, chemical, and electrical properties. Structur-
ally, GO can be described as a monolayer of carbon
atoms arranged in a dense honeycomb structure,
with oxygen-containing functional groups filling
its basal plane, as shown in Figure 4%, It com-
posed of an array of carboxylate groups encom-
passing its periphery. These groups bring about a

negative charge and colloidal stability that are con-
tingent on the pH level. Additionally, the basal
plane of GO exhibits hydroxyl and epoxide groups,
rendering it both polar and hydrophilic. The un-
touched sections of the basal plane, however, retain
their hydrophobic nature®”. These oxygen-con-
taining groups provide opportunities for covalent
and non-covalent modifications, making GO
highly versatile for different application fields""".
One of the distinctive features of GO is its in-
creased interlayer spacing compared to pristine
graphite. While the interlayer spacing of graphite is
typically 0.335 nm, it increases to more than 0.625
nm in GO due to the presence of oxygen-containing
functional groups*”. This expanded interlayer
spacing of GO allows for improved dispersion in
solution and easy mixing with different polymers
and materials, enhancing the properties of compo-
site materials'*”). Furthermore, the high affinity of
GO to water molecules makes it easier to disperse
within solution, providing an advantage over gra-
phene. This property enables efficient blending of
GO with other materials, leading to enhanced prop-
erties in composite materials. Moreover, the car-
bon/oxygen ratio of GO can be used to evaluate the
extent of oxidation during the conversion of gra-
phene to GO, providing a means to check the po-
tency of the oxidation process.

Figure 4. The structure of GO. A) Lattice structure of GO, B) Mono-layer of GO, C) Multi-layer of GO.

The importance of various GO synthesis pro-
cesses lies in their ability to produce scalable quan-
tities of GO while allowing control over its oxida-
tion level, functional group incorporation, colloidal
stability, and sheet characteristics to control the
properties of GO, allowing for tailored synthesis
for GO specific applications. There are several
methods for synthesizing GO, including mechani-
cal or thermal exfoliation, chemical vapor deposi-
tion (CVD), and epitaxial growth!*!). There are two
main categories of GO synthesis methods: bottom-

up and top-down. Bottom-up methods involve con-
structing pristine graphene from simple carbon
molecules, while top-down methods extract gra-
phene derivatives from a carbon source, typically
graphite*). However, bottom-up methods such as
chemical vapor deposition (CVD) and epitaxial
growth are time-consuming and face scalability
challenges!*?. As a result, GO synthesis has shifted
more towards the top-down approach.

The earliest known synthesis of GO was pre-
sented by Brodie, who mixed graphite with HNO3



and KClOs at 60 °C for several days'*. Stauden-
maier later improved upon this method in 1898 by
incorporating chlorates such as KCIO3 or NaClO;
and adding concentrated H,SO4 to enhance the so-
lution’s acidity!*". However, both Brodie and
Staudenmaier methods produced toxic ClO, gas
and posed a risk of explosion. To address this issue,
Hummer developed a modified approach in which
graphite was treated with acid (H.SO4 and HNOs)
that did not produce hazardous ClO; gas, albeit re-
quiring a longer reaction time!*). In 1958, Hum-
mers and Offeman discovered a further modifica-
tion by reacting graphite with KMnQ, and concen-
trated H,SO4 while preserving oxidation levels! .
This process disrupted the n-x interaction on GO’s

Hummers 3 KMnO,
H;50,, 0.5 NaNO,

GF(3g)
Improved 6 KMnO,
9:1 H,50,/H,PO,

Hummears
“~._modified 6 KMnO,

H,50,, 0.5 NaNQ,

surface, resulting in lower electrical conductivity.
However, the hydrophilic characteristics of GO,
produced from oxygen-containing functional
groups, improved its dispersibility in aqueous sol-
vents, making it more suitable for bio-applications
due to its water dispersibility and biocompatibil-
ity!*],

Understanding the carbon source, pre-treat-
ment methods, oxidizing agent, and choice of sol-
vent with protonation is crucial for tailoring Hum-
mer’s approach to specific applications, as these
factors can affect the carbon-to-oxygen (C/O) ratio
of the final product. Figure 5 provides a general
overview of common approaches for GO synthesis.

Two,
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Figure 5. Schematic of most common GO synthesis methods! 7],

2.1 Different size, shape of GO and anti-
gen-coupled GO effects on DCs

GO can be synthesised into different forms
depending on its size, shape and functionalization.
Mono layer-GO (mono-GO) is a single layer GO
sheets. These sheets typically have lateral dimen-
sions on the micrometer scale and are often charac-
terized by their large surface areal*®. Multi layer-
GO (multi-GO) composed of several stacked layers
of graphene oxide sheets. It retains some of the
properties of individual GO layers but may display
enhanced mechanical stability and electrical con-
ductivity due to the interlayer interactions!*’.
Small-GO (S-GO) generally refers to GO sheets

with smaller lateral dimensions, typically in the
range of nanometers to a few micrometers*®!, S-
GO can exhibit properties such as increased flexi-
bility, improved dispersibility, and higher reactiv-
ity due to their higher surface-to-volume ratio*®!.
Large-GO (L-GO) refers to GO sheets with rela-
tively larger lateral dimensions, typically in the
range of tens to hundreds of micrometers®”. These
sheets can be useful for applications requiring
large-area coverage or macroscopic assembly of
GO materialsP®”. Antigen-coupled GO involves the
functionalization of GO sheets with specific anti-
gens that can elicit an immune response in organ-
isms®!. By coupling antigens onto GO surfaces, it



becomes possible to create biofunctionalized mate-
rials for various applications, including biosensing,
drug delivery, and immunotherapy™"

DCs play a crucial role in the activation of in-
nate and adaptive immune responses in various dis-
eases, making them a promising target for thera-
peutic applications of GO
shown that pristine GO induces maturation of DCs
by upregulating the expression of HLA-DR/MHC-
1L, CD40, CD83, CD86, and CCR6, and enhancing
secretion of TNF-a and IL-1p*. Furthermore, GO
coupled with anti-glioma antigen (GO-Ag) has

], Initial study has

been found to elicit a potent anti-glioma immune
response mediated by DCs in vitro®™. Another
study by Li et al. revealed that GOx nanosheets
coupled with ovalbumin antigen (GOx-OVA) pro-
mote DC activation and secretion of various effec-
tor cytokines that are crucial for CD8" T cell differ-
entiation™. Interestingly, different effects of
mono-GO and multi-GO on mouse dendritic cell
line (DC2.4) have been observed. Both mono-GO
and multi-GO can stimulate DC2.4 cells to produce
reactive oxygen species (ROS) and TNF-a, with or
without LPS stimulation®®. However, pristine GO
and mono-GO do not induce IL-6 production in
DC2.4 cells under LPS influence, whereas multi-
GO enhances IL-6 production in the same cells®®.
In a recent study, it was found that S-GO flakes are
easily internalized by DCs without significantly af-
fecting their viability, activation phenotype, or cy-
tokine production”®”). On the other hand, L-GO
flakes predominantly interact with the plasma
membrane of DCs, with a muted impact on DC vi-
ability or activation®”!. Interestingly, delivery of
OVA via S-GO flakes significantly enhances DCs’
ability to induce proliferation of OVA-specific
CD4" T cells in vitroP®”. Conversely, delivery of
OVA via L-GO flakes augments DCs’ ability to in-
duce proliferation of OVA-specific CD8" T cells,
as well as their production of [FN-y and granzyme
B, indicating distinct modulation of DCs function
by different GO flakes®”. The summary of how
size and shape influence DCs activation was illus-
trated in Figure 6.
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Figure 6. Different shape, size and functionalization of GO
influence DCs activation. L-GO improves efficacy of DC
vaccine against SARS-CoV-2.

Recent study published in the journal Ad-
vanced Materials by a team of researchers from
Beijing has proposed a novel approach to enhance
the efficacy of DC vaccines against SARS-CoV-2,
the virus responsible for COVID-19"%. The team
hypothesized that by modulating the interaction be-
tween DCs and T cells, the immune response could
be improved. To test this hypothesis, they devel-
oped a new platform using GO, a material known
for its beneficial properties in biomedicine®®). Pre-
vious studies have shown that ex vivo DCs, which
are grown and/or modified outside of the body, re-
quire adjuvants to activate T cells. However, the
currently available adjuvants have limited effec-
tiveness, with response rates of less than 15% in
cancer patients receiving standard DCs immuno-
therapy. Therefore, the researchers sought an alter-
native and turned to GOP®,

The team first investigated the effect of parti-
cle size of graphene nanosheets on their interaction
with DCs using fluorescence labeling and transmis-
sion electron microscopy. Interestingly, they found
that nanosheets with diameters greater than 1 pm
adhered strongly to the surface of DCs, while those
smaller than ~500 nm were mostly internalized by
the cells®®®). Next, the researchers examined the dy-
namic interaction between T cells and DCs with
and without the GO nanosheets. They defined
meaningful interaction by determining the contact
area and duration between DCs and T cells?®.



They found that the direct contact area between
DCs and T cells was approximately four-fold
higher in the group treated with L-GO nanosheets
compared to untreated DCs, and approximately
two-fold higher compared to small nanosheets®).
The L-GO nanosheets acted like a “nanozipper”,
adhering to the surface of DCs and bringing to-
gether large clusters of DCs and T cells, creating a
stable microenvironment for effective cell interac-
tions and T cell activation®®®!. The scientists de-
scribed this phenomenon as the first evidence that
L-GO nanosheets showed selective adherence to
different cell membranes®®. The high binding af-
finity with DCs membranes facilitated DCs-T cell
clustering, while the low binding affinity with T
cells prevented interference with DCs-T cell inter-
actions"®,

L

L-GO-OVA Rho-ROCK-MLC

Membrane binding

s
R

These clusters of DCs and T cells induced a
more than twenty-fold higher antigen-specific T
cell response compared to conventional cytokine-
cocktail adjuvants, and resulted in >99.7% clear-
ance of viral RNA from lung tissues in mice inoc-
ulated with SARS-CoV-2P°*!, The researchers con-
cluded that the robust immune responses induced
by DC vaccines using GO nanosheets could serve
as a promising reference for developing personal-
ized antiviral therapy against the global COVID-19
pandemic®®. The summary of how L-GO in-
creased DCs-T cells clustering to activate Rho-
ROCK-MLC pathway and stimulate the binding of
ICAM-1 and LFA-1 to fully activated CD8" T cells
to diminish COVID-19 was illustrated in Figure 7.
This approach can be implemented to increase the
efficacy of DC vaccine for cancer treatment using
L-GO.

= CD8+ T cells |
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Figure 7. The intense binding capacity of L-GO to DCs membrane increase DCs-T cells receptors interaction which facilitate the full

activation of CD8" T cells.

2.2 Other perspectives on how GO can en-
hance DC vaccine performance

Immunotherapeutic strategies for various dis-
eases now include vaccination, with the addition of
adjuvants to enhance vaccine performance and re-
duce the need for high-dose vaccines. In recent
years, research has focused on developing adju-
vants for vaccine preparations, such as alum, lipo-
somes, and GO nanosheets. GO nanosheets have

shown potential as universal adjuvants for DC vac-
cines, particularly in cancer treatment, as they can
be tailored to different antigens. GO has been used
as a delivery vehicle for vaccine antigens, effec-
tively internalizing antigens into DCs and promot-
ing cross-presentation to CD8" T cells, leading to
anti-tumor responses’>”. However, GO’s low solu-
bility and poor stability in the human body, as well
as its cytotoxicity and potential DNA damage, have



39601 To overcome these lim-

limited its application!
itations, functionalized GOs (FGOs) have been ex-
tensively studied as carriers and adjuvants. The sur-
face chemistry of nanomaterials is crucial for bio-
compatibility, and covalent modification with oxy-
gen-based functional groups has been a common
method to fabricate FGOs with improved biocom-

(611 Some examples of FGOs that have

patibility
been successfully synthesized through this method
include GO-PEI, GO-PEG, GO-PEG-PEI, GO-PA-
MAM, and others. For instance, GO-PEG-PEI has
a positively charged surface that can adsorb nega-
tively charged antigens with ultra-high loading ef-
ficiency, promoting DC aggregation and antigen
uptake!®'*%. GO-PEG-PEI has also been shown to
induce DC maturation, upregulate co-stimulatory
molecules, and enhance T cell proliferation and cy-
tokine secretion, suggesting its potential as an ad-
juvant for improved immunogenicity and cellular
immunity!®. Additionally, GO can be covalently
linked with alum for higher antigen loading effi-
ciency, and OVA-loaded GO-AIO(OH) has been
shown to increase antigen uptake by DCs and facil-
itate cytosolic delivery, indicating its potential as
an effective antigen delivery system!®. GO has
also been proposed to protect proteins from prote-
olysis, and functionalization with chitosan has been
shown to improve biocompatibility and stimulate
cytokine production for enhanced cellular immune
responsel®!. RNA-based antigen approaches have
shown promise in clinical studies, and GO-bound
total RNA of tumors may elicit more potent anti-
tumor responses in DC vaccines, as GO can en-
hance RNA stability and hinder RNase degrada-
tion!®),

2.3 Clinical translational challenges of us-
ing GO for DC vaccine-based immunother-

apy

GO has shown tremendous results in en-
hanced DC vaccine-based immunotherapy, but
there are several clinical translational challenges
that need to be addressed. These challenges emerge
from the complex interactions between GO and the
immune system, safety concerns, and the need for
optimized delivery strategies. GO has been dis-
played to have immunomodulatory effects that can

modulate the immune response®?. While this can
be beneficial for eliciting the efficacy of DC vac-
cines, the exact mechanisms and long-term effects
of GO on the immune system are not fully under-
stood. Further research is required to enlighten the
immunomodulatory effects of GO and decide the
optimal dosage and treatment regimen for safe and
effective immunotherapy. The biocompatibility
and potential toxicity of GO are critical concerns
for clinical translation’®!. While GO has demon-
strated low toxicity in many in vitro and animal
studies, its long-term effects and potential accumu-
lation in vivo need to be carefully evaluated™'.
Comprehensive preclinical studies that involve
toxicity assessments, biodistribution studies, and
long-term safety evaluations, are necessary to en-
sure the safe use of GO in humans®'!. Understand-
ing the pharmacokinetics and biodistribution of GO
is essential for its clinical translation. The size,
shape, surface charge, and functionalization of GO
can influence its distribution, accumulation, and

1] Detailed studies inves-

clearance from the body
tigating the fate of GO after administration, includ-
ing its systemic distribution and elimination path-
ways, are required to ensure proper dosing and
minimize potential side effects®®. Efficient deliv-
ery of GO to target cells, such as DCs, is crucial for
the success of immunotherapy. Strategies for GO
delivery need to be optimized to ensure effective
uptake by DCs and minimal off-target effects. Var-
ious delivery systems, such as nanoparticles, lipo-
somes, or biomaterial-based carriers, can be ex-
plored to enhance the specificity and efficiency of
GO delivery to DCs!®”!. Establishing standardized
protocols for GO synthesis, functionalization, char-
acterization, and quality control is essential for
clinical translation!®®. Consistent and reproducible
production of GO with well-defined physicochem-
ical properties is necessary to ensure reliable and
comparable results across different studies and to
meet regulatory requirements.

3. Conclusion

GO has shown great promise in its ability to
play a pivotal role in activating DCs and influenc-
ing various aspects of T cell effector function. This
phenomenon appears to be dependent on factors



such as size, shape, and functionalization of GO.
Notably, recent studies have revealed the crucial
role of L-GO in promoting the assembly of the DC-
T cell immune synapse, offering new insights for
engineering DC vaccines based on enhancing DC-
T cell communication. The potential of GO and its
functionalized derivatives as adjuvants in vaccine
formulations is significant, as they can enhance
vaccine stability, antigen delivery, and immune re-
sponse. However, interdisciplinary collaboration
between researchers, clinicians, and regulatory au-
thorities are required in addressing several afore-
mentioned clinical translational challenges. Rigor-
ous preclinical evaluation, including comprehen-
sive toxicity studies and optimization of delivery
strategies, is crucial to establish the safety and effi-
cacy of GO in DC vaccine-based immunotherapy.
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