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Abstract

Nanotechnology can be used to treat a number of diseases, which are currently the main cause of death in the world, and
allow to achieve the desired therapeutic effect for the patient. This mini-review focuses on the analysis of scientific literary sources
dealing with the application of nanotechnology in the immunotherapy of diseases and covers the period from 2016 to 2022.
In particular, it provides an overview of recently discovered nanotechnologies (including immunomodulatory nanosystems)
used for the prevention and treatment of various diseases, including cancer, infectious, inflammatory, and autoimmune
diseases. The review also discusses the role of nanosystems in cancer immunotherapy. Additional attention is paid to na-
nomaterials with new structures, properties, and functions, which are used in the modern practice of treating viral and
bacterial infections. A part of the paper is devoted to nanoparticles that enhance the effect of immunosuppressive cells in
the treatment of inflammatory and autoimmune diseases. The analysis performed clearly demonstrates the relevance of
nanotechnologies for the use in the immunotherapy of diseases. We hope it will allow researchers to identify new areas for
using nanoparticles in the treatment of diseases of various etiologies.
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IHcmumym niosuweHHA Keanigikayii cneyianicmise cpapmauyii HayioHanbHo20 hapmauyesmuyHo2o
yHigepcumemy MiHicmepcmea oxopoHU 300p08’s YKkpaiHu,

matioaH 3axucHukKie YkpaiHu, 17, Xapkis, 61001, YkpaiHa

IMmyHOTepania 3axBoptoBaHb Ta HAHOTEXHOOTii: Cy4aCHUIA CTaH Ta NepCNeKTUBKU

AHoOTaLiA

HaHoTexHonorii MOXKHa BUKOPWUCTOBYBATU A1 NiKYBaHHA NEBHMUX 3aXBOPHOBaHb, LLLO CbOTOAHI € OCHOBHOI NPUYMHOIO CMEpT-
HOCTI y CBITi, 60 Lle 403BONSE AOCATTU HEODXiAHOIO TepaneBTUYHOrO edeKTy ANa nauieHTa. Llel miHiornag, wo oxonatoe
nepiog 3 2016 o 2022 pp., 30cepeaKeHO Ha aHaNi3i HAYKOBUX lITEPATYPHUX AXKepen, Y AKUX BUCBITIEHO 3aCTOCYBaHHA Ha-
HOTEXHOJIOTiI B iMyHOTepanii 3axBoptoBaHb. MaeTbca, 30Kpema, NPo HeLoAaBHO BiAKPWUTI HAHOTEXHOOTIT (Pa3oMm 3 iMyHO-
MOZYN0BaIbHMUMM HAHOCMCTEMAMM), LLO iX 3aCTOCOBYIOTb AN NPODINAKTUKM i NiKyBaHHA paKy, iIHPEeKLiMHUX, 3ananbHUX Ta
AYTOIMYHHMX 3aXBOPHOBaHb. PO3rnsiHyTO 0COBAMBOCTI BUKOPUCTAHHA B Cy4acHil NPAKTULI NiKyBaHHA BiIPYCHWUX i BaKTepianb-
HUX iHdeKLin HaHOMaTepianiB 3 HOBUMW CTPYKTYPamMM, BAACTUBOCTAMM Ta GyHKLIAMKU. CXxapaKTepmn3oBaHO HAHOYACTUHKM,
AKi NOCUNIOIOTL Ait0 IMYHOCYNPECUBHUX KAITUH Y NiKyBaHHI 3anafbHUX Ta ayTOIMYHHWX 3aXBOPOBaHb. [poBeaeHU aHani3
HAOYHO AEMOHCTPYE aKTyaNbHICTb HAHOTEXHO/IOTIN ANA iIMyHOTepanii 3aXBOPHOBaHb i, CNOAIBAEMOCH, A03BONNTb AOC/IAHU-
Kam BM3HAYMTW HOBI HAaNPAMM BUKOPUCTAHHA HAHOYACTMHOK Y NiKyBaHHI 3aXBOPIOBAHb Pi3HOI eTionorii.
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B Introduction

Today, immunotherapy has evolved into an
effective strategy for the prevention and treat-
ment of various diseases, including cancer, infec-
tious, inflammatory, and autoimmune diseases.
Immunomodulatory nanosystems can easily im-
prove therapeutic effects while simultaneously
overcoming many barriers to treatment, such as
inadequate immune stimulation, side effects, and
the loss of bioactivity of immune agents during cir-
culation. In recent years, researchers have been
constantly developing nanomaterials with new
structures, properties and functions.

In cancer immunotherapy, nanosystems play
an important role in activating immune cells and
modulating the tumor microenvironment, as well
as in combination with other antitumor approaches.

Regarding infectious diseases, there are many
promising results of using vaccines made of na-
nomaterials against viral and bacterial infections.
In addition, nanoparticles also enhance the effect
of immunosuppressive immune cells in the treat-
ment of inflammatory and autoimmune diseases.

A human immune system is able to protect
them from many diseases based on a process cal-
led “ilmmune surveillance”. In theory, viruses, bac-
teria and cancer cells can be quickly identified as
foreign antigens and eliminated by immune cells.
However, pathogens have developed a number
of effective mechanisms to evade immune clear-
ance by inhibiting phagocytosis, blocking anti-
gen presentation, or directly killing immune cells.
Cancer cells can shift the tumor microenviron-
ment (TME) into a highly immunosuppressive
state by recruiting immunosuppressive immune
cells and expressing a series of inhibitory cyto-
kines, enzymes, and checkpoint molecules, thereby
promoting tumor immune evasion. These barri-
ers certainly reduce the efficiency and intensity
of immune responses. Conversely, aberrant ac-
tivation of immune cells can cause uncontrolled
inflammatory, autoimmune or allergic diseases.
Abnormal inflammation can also lead to the trans-
plant rejection and hinder the regeneration of
tissues and organs, so therapeutic interventions
are necessary to maintain the homeostasis and
function of the immune system [1].

B Results and discussion

Nanotechnology can solve the existing prob-
lems and thus achieve the desired therapeutic
effect. Studies have shown that nanoplatforms

exhibit many useful properties, including co-
de-livery of antigens and adjuvants to the same
antigen-presenting cells (APC) or intracellular
compartments [2]; increased half-life of bioacti-
ve cargo molecules due to prevention of decom-
position by enzymes during blood circulation; in-
creased accumulation in tumor tissues due to the
size-dependent effect of the enhanced permeabili-
ty and retention (EPR) [3]; surface modification
to certain target tissues or cells [4]; the stimulus-
sensitive behavior for safe circulation and intel-
ligent drug release [5, 6]; more tolerable doses
due to less accumulation in non-target organs
and tissues [7]; the surface binding of both an-
tigens and costimulatory molecules to create of
artificial APC (aAPC) for powerful T-cell activa-
tion [8]; various routes of drug delivery, such as
intranasal administration or subcutaneous de-
livery using a patch with microneedles [2, 9]; in-
ternal immunomodulatory functions of created
nanoparticles [10].

Researchers have synthesized nanoparticles
with different structures and biological functions
for drug delivery. Some of the most commonly used
nanosystems are polymer nanoparticles [11, 12],
liposomes [13, 14], micelles [15, 16], nanogels [4,
17, 18], gold nanoparticles [19, 20] and carbon
nanomaterials [21]. These nanoplatforms have
demonstrated phenomenal capabilities in facili-
tating the immunostimulatory or immunosuppres-
sive regulation through targeted delivery and con-
trolled release of antigens, adjuvants and immu-
noregulatory agents in response to a stimulus.
One of the strategies to improve the localization
of encapsulated cargoes in tissues or target cells
is the chemical modification of nanoparticles with
target fragments. For example, nanomaterials de-
corated with a DEC-205 antibody (Ab), CD40 Ab,
CDllc Ab or mannose can be internalized predo-
minantly by dendritic cells (DC) via the receptor-
mediated endocytosis [22, 23]. Similarly, folic acid,
lectins, and CD44 are used to recognition by the
corresponding receptors overexpressed on mac-
rophages [24]. The surface binding of CD3 Ab
or tLypl peptide showed an increased uptake by
T-cells and regulatory T-cells (Treg), respective-
ly [25, 26]. In addition, nanoplatforms consist-
ing of dextran or dextran sulfate have intrinsic
properties of targeting macrophages [27].

Researchers have devoted considerable atten-
tion to the specific functionalization of nanopar-
ticles in the treatment of a wide range of diseases
where nanoparticles act as the main component
rather than delivery vehicles. In particular, in
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tumor immunotherapy, stimuli-sensitive nano-
materials are being developed to maintain the
structural integrity in the serum and promote
the release of a specific payload in TME [28, 29].
Internal and external stimulus — responsive stra-
tegies (pH [6, 30, 31], reduction [5, 32], enzymes
[14, 33] light [34], heat and reactive oxygen spe-
cies (ROS) [35]) are involved in creation of nano-
particles and achieved an improved antitumor
effect. In addition, other antitumor molecules and
agents can be added to these nanoplatforms for
the synergistic combination therapy.

It should be noted that in the last few deca-
des, immunotherapy has become a rapidly grow-
ing method of cancer treatment [36, 37]. Unlike
chemotherapy, radiation therapy and surgery,
it aims to activate immune cells to identify and
destroy tumor cells. In this way, side effects on
normal organs and tissues can be significantly
reduced. Moreover, the immunotherapeutic stra-
tegy also provides long-term protection against
tumor recurrence due to the induction of the im-
munological memory [38].

Recently, much attention has been paid to the
immune checkpoint blockade therapy targeting
cytotoxic T-lymphocyte antigen 4 (CTLA-4), pro-
grammed cell death 1 (PD-1) or ligand, cell death 1
(PD-L1), negative regulation of T-lymphocytes [39].
Adoptive cell transfer (ACT), especially chimeric
antigen receptor (CAR)-T therapy using ex vivo
expanded and genetically engineered T-cells for
antigen-specific tumor therapy, has also recently
been approved by the United States Food and
Drug Administration (FDA) for B-cells and ther-
apy of non-Hodgkin’s lymphoma [40]. Based on
the results obtained, the effectiveness of cancer
immunotherapy can be further improved with the
help of nanotechnology. However, immunothera-
peutic treatments for solid tumors are limited
due to the strong immunosuppressive TME, as
well as the abnormal extracellular matrix. More
seriously, the “off-target” effects of immunomodu-
latory agents can cause damage to normal tis-
sues and cells.

Today, nanotechnology has been proven to im-
prove the therapeutic efficacy of cancer immu-
notherapy mainly due to three aspects:

+  protection of antigens and adjuvants, es-

pecially in the case of nucleic acid;

+ effective delivery to APC and initiation of

a powerful tumor antigen-specific immune
response;

+  reprogramming of the TME to restore im-

mune surveillance.

Recently, a large number of nanoparticle-based
delivery systems aimed at modulating immune
cells have been developed for cancer treatment
[41, 42] and some of them have undergone vari-
ous stages of clinical trials [43], confirming their
great therapeutic potential as anticancer agents.
For example, during Phase I1I clinical trials, non-
small cell lung cancer (NSCLC) patients vacci-
nated with tecemotide (L.-BLP25) containing the
immunoadjuvant monophosphoryl lipid A and syn-
thetic mucin 1 lipopeptide (MUC1) showed an
increased three-year survival rate of 49% com-
pared to 27% of patients receiving only mainte-
nance therapy. In addition, it should be noted
that another 12 new liposomal drugs for the treat-
ment of cancer patients developed by various ma-
nufacturers (Merck, Oncothyreon Canada Inc.,
Biontech RNA Pharmaceutical, GlaxoSmithKline,
Lipotec Pty Ltd.) are completing clinical trials.
GlaxoSmithKline also developed a liposomal drug
for the treatment of malaria; Crucell Berna Bio-
tech LTD — liposomes for the treatment of hepa-
titis A; Statens Serum Inst. — a liposomal drug
for the treatment of tuberculosis; Biotherapeu-
tics Inc., Crucell Bema Biotech Ltd., CSL Bio-
therapies are studying virosomal drugs against
influenza. To achieve accurate and controlled drug
delivery, smart nanoparticles with more com-
plex structure and special drug release proper-
ties are also produced according to the distinc-
tive features of TME, such as slightly acidic pH
(6.5—6.8), high levels of glutathione and hydro-
gen peroxide (H,0,), disruption of the produc-
tion of proteinases, such as matrix metallopro-
teinase-2 (MMP-2) [33, 44].

Recently, advances in the field of nanotech-
nology have stimulated the study of a large num-
ber of nanomaterials for the activation and ma-
turation of APC. Liposomes are the most favora-
ble material of immunotherapeutic nanosys-
tems for clinical use due to the lack of toxicity
and immunogenicity, Lipo-MERIT, iscomatrix,
Lipovaxin MM, etc. It has been proven that, in
addition to liposomes, some other nanomateri-
als are safe for the human. For example, On-
coquest-L., an anti-cancer vaccine undergoing
phase I clinical trials, is made from an extract of
the patient’s own cancer cells, and IL-2 is deli-
vered by proteoliposomes. Two cholesteryl pullu-
lan-based cancer vaccines, CHP-NY-ESO-1 and
CHP-HERZ2, elicited antigen-specific immune
responses against NY-ESO-1 and HER2 in the
presence of adjuvant OK-432 in esophageal can-
cer patients [45].
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Nanomaterials, such as PLGA, iron oxide na-
noparticles, virus-like particles (VLP) and con-
jugated polymers, can enhance the uptake of APC
cells and stimulate the immune response [46].
Meian-A VLP used for the treatment of stage
ITI-IV malignant melanoma is in phase III clini-
cal trials [47]. The VLLP Melan-A vaccine compo-
sed of a protein coat derived from bacteriophage
Qbeta, CpG, and a peptide antigen from melano-
ma cells elicited greater than twofold increase
in antigen-specific T-cell responses in 76% of pa-
tients. In some other cases, nanoparticles are also
designed as an important component of the final
product in order to facilitate the effect of tumor
antigens on the host immune system.

Another strategy avoids the need to escape
from endosomes and provides efficient T-cell acti-
vation and tumor eradication by designing aAPC
based on the modification of nanosized particles,
including magnetic beads, liposomes, polymeric
and paramagnetic nanoparticles [48, 49]. aAPC
mainly contain two signals for the T-cell activa-
tion, that is, the MHCI-antigen complex and a co-
stimulatory signal, such as anti-CD28 and anti-
CD3 Abs [50]. They can be administered intra-
venously in vivo or used in ACT ex vivo.

Many studies conducted in recent years have
shown that combining immunotherapy with other
anticancer approaches, such as chemotherapy,
phototherapy, and radiation therapy, has a sy-
nergistic effect and significantly improves ther-
apeutic efficacy against a wide range of malig-
nancies [51, 52]. Chemotherapeutic agents or ex-
ternal influences (light and radiation) not only
directly destroy tumors, but participate in the
immune process, causing the death of immuno-
genic (ICD) tumor cells.

The concept of ICD proposed in recent years
demonstrates that dying tumor cells (DTCs) can
generate a mass of antigens and increase the for-
mation of damage-associated molecular patterns
(DAMP), such as adenosine triphosphate, CRT,
heat shock proteins and high mobility groups.
DAMP provide the “eat me” signals for antigen
recognition and phagocytosis by DC and trigger
the activation of the adaptive immune response
[63]. More importantly, ICD-derived tumor an-
tigens can be controlled by the immune system
and pose threat to abscopal and metastatic tu-
mors, which is called the “abscopal effect” [51, 54].

Chemotherapy is the preferred therapeutic
regimen in the clinic, but its application is seri-
ously hampered by its notorious side effects and
tumor recurrence. Chemotherapy in combination

with immunotherapy can reduce toxicity and im-
prove the therapeutic effect. In chemoimmuno-
therapy, low-dose chemotherapy is able to indu-
ce ICD of tumor cells and lead to the release of
tumor antigen, thus preventing serious side ef-
fects. At the same time, immunoregulatory agents
provide a favorable environment for highly ef-
ficient antigen presentation and activation of APC
and cytotoxic T-cells. Many studies, in which
chemo/immunotherapeutic agents are encapsu-
lated in nanoscale drug delivery systems, have
been successful [13, 39, 55].

For example, the FEN group [13] loaded the
TLR9 agonist CpG into a nanodepot platform (NDP)
consisting of cationic liposomes and thiolated hya-
luronic acid. CpG-NDP was then conjugated to
the surface of immunogenic DTC induced by mi-
toxantrone, an anthracenedione antitumor agent.
The experiment showed that DTC-CpG-NDP vac-
cination significantly stimulated the generation
of tumor antigen-specific CD8+T cells and strong-
ly protected against melanoma infection.

It should be noted that some of the traditio-
nal chemotherapeutic agents unexpectedly exert
an immunoregulatory effect on immune cells.
For example, the chemotherapeutic drug pacli-
taxel (PTX) has a modulating effect on the po-
larization of macrophages according to the ML-
based phenotype at low concentrations [56].
Unlike free PTX, NP-PTX can be efficiently endo-
cytosed by macrophages and stimulate the mac-
rophage polarization in a dose-dependent man-
ner without causing obvious toxicity to immune
cells. Although the mechanism underlying this
phenomenon is not fully understood, it repre-
sents an unconventional strategy for investigat-
ing the immunomodulatory function of chemo-
therapeutic agents.

Many attractive characteristics of nanopar-
ticles in cancer immunotherapy are also appli-
cable to prevent or counteract bacterial and vi-
ral infections, such as human immunodeficiency
virus (HIV), influenza, encephalitis, hepatitis,
Ebola, pneumonia, ete. [7, 57]. For the prevention
of these diseases, anti-infective vaccines used
certain antigenic components instead of whole
microbes to increase the immune efficiency.
However, these antigens are more easily broken
down by enzymes and removed from the blood-
stream. Moreover, they usually require the help of
adjuvants to effectively activate the immune sys-
tem. In addition, DNA vaccines have also shown
a great potential in recent years, but their use
in clinical practice is limited due to their low
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safety and efficacy. Nanotechnology opens up the
possibilities of a new generation of anti-infective
vaccines. Currently, nanovaccines based on viro-
somes and liposomes against infectious diseases
have shown good effectiveness. Two nanoparticle-
based vaccines, Inflexal V and Epaxal, are FDA
approved for the prevention of malaria, influen-
za and hepatitis A. Nanoparticles of appropriate
size can deliver antigens and adjuvants to im-
mune cells by encapsulation or surface conjuga-
tion. Nanoparticles are also designed as a reser-
voir for the slow release of antigens to increase
the exposure of APC. For DNA vaccines, nanopar-
ticles provide a non-viral delivery strategy that
transports genetic material in a site-specific man-
ner. Ample evidence has supported the promising
effects of nanotechnology-based vaccines against
infectious diseases, which benefit from the im-
proved delivery efficiency, convenient nanopartic-
le engineering and the intrinsic adjuvant func-
tion. Immunomodulatory systems using nanopar-
ticles for the prevention and treatment of infec-
tious diseases include a vaccine with nanoparti-
cles against HIV, influenza, bacterial infection
and other infectious diseases.

Nanoparticles, including inorganic and poly-
meric nanoparticles, as effective delivery vehi-
cles have shown effective immunization to pro-
tect against bacteria and infections. Thus, gold
nanoparticles are better for preparing a nano-
vaccine due to good biocompatibility, a simple syn-
thesis process and, most importantly, the adju-
vant activity. For example, gold nanoparticles
conjugated to Pseudomonas aeruginosa flagellin
showed antibody titer against flagellin compared
to flagellin formulated in Freund’s adjuvant [58].
In another study, Vetro et al. [569] developed a
glycoconjugate nanoparticle vaccine that modi-
fied gold nanoparticles with pneumococcal cap-
sular polysaccharide antigens, which were an
important component of the current commercial
vaccine and also required for pneumococcal in-
fection. A glucose derivative was added as an
internal component of the gold nanoparticles to
increase water solubility, and the T-helper pep-
tide OVA was also loaded on to the gold nano-
particles. This glycoconjugate vaccine induced a
potent and specific IgG-Ab-dependent immune
response against Streptococcus pneumoniae in
mice. Many other studies have highlighted the
improved outcome of fighting infections due to
the use of nanotechnology for the delivery of an-
tigen and/or adjuvants [60, 61]. Next, it is in-
teresting to focus on the design and application

of biomimetic nanoparticles with a modified
surface as a vaccine against bacterial infection.
Nanoparticle platforms, designed with their in-
herent ability to neutralize toxins and enhance
immunity, have superior properties over tradi-
tional methods due to the increased safety and
more efficient removal of toxins or antigens.

The next area of improving medicine is the
development of DNA vaccination. However, de-
spite the low cost and rapid production of DNA
vaccines, their low stability and insufficient im-
munogenicity limit their use in the prevention
and treatment of various infectious diseases.
Nanotechnology provides a new opportunity in
the development of nanoparticle platforms con-
taining DNA vaccines for controlled and targeted
delivery to specific cells. Draz et al. [57] reported
DNA vaccination against a model hepatitis C vi-
rus using plasma gold nanoparticles that could
be activated by specific electrical pulses to fa-
cilitate pore formation in the adjacent cell mem-
brane and increase membrane permeability for
DNA transfection. In this case, the absorption
of the DNA vaccine by myocytes significantly in-
creases after the joint administration of the free
DNA plasmid and gold nanoparticles to the ani-
mals, which allowed more efficient expression of
the encoded genes. Moreover, due to the low elec-
tric field required for this process, cell destruc-
tion or lysis can be avoided.

In addition to the ability to enhance the pro-
inflammatory immune response, nanoparticle plat-
forms have also been used to induce immune to-
lerance against chronic or acute inflammation,
autoimmune diseases, transplant rejection and
allergy. Unlike cancer and infections, which en-
ter the human body through an insufficient im-
mune response, these diseases arise as a result
of an improper overreaction of the immune sys-
tem to autoantigens, allogeneic antigens dur-
ing transplantation, or environmental factors.
Considering the fact that nanotechnological im-
munostimulation has attracted much attention,
monitoring the immunosuppressive properties of
nanomaterials is equally important to alleviate
the immune-mediated burden. Immunosuppres-
sants, mostly with small molecules, have shown
improved therapeutic efficacy in recent years.
However, long-term treatment can lead to se-
vere systemic toxicity or immunodeficiency [62].
Many immunosuppressants, such as methotrex-
ate, rapamycin and dexamethasone, are hydro-
phobic drugs and have a limited biological ac-
tivity. These agents are randomly and widely
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distributed in the body after introduction, lead-
ing to serious side effects in non-target tissues
and causing damage of the liver, muscles and
the gastrointestinal tract.

Anti-inflammatory cytokines, such as IL-4,
have been widely studied in the treatment of va-
rious autoimmune diseases. However, their short
half-life determines the introduction of high do-
ses and inevitable systemic toxicity. The thera-
peutic delivery of microRNAs (miRNAs) for sym-
ptom control can also be challenging due to lim-
ited efficacy, low stability, and the lack of tar-
geting. Nanotechnology overcomes the existing
shortcomings of immunosuppressants through
multiple aspects, such as providing protection
against degradation, prolonging blood circula-
tion and facilitating the immune cell-targeted de-
livery [63]. The nanoparticle itself can also be
converted into an immunomodulatory compo-
nent, and nanoparticles delivering the antigen-
MHC complex can expand antigen-specific Treg
to control inflammatory disorders.

B Conclusions

Nanotechnology opens up great opportunities
for the prevention and treatment of infectious
diseases since the coded delivery of antigens
and adjuvants significantly increases the immu-
nogenicity of microbial components and demon-
strates higher efficacy than conventional vac-
cines using whole microbes.

Thus, nanomaterial-based immunotherapy
is rapidly developing and will show significant
potential over the past few decades. Thanks to
constantly improved production methods and
design strategies, nanotechnology is success-
fully used to control and prevent many diseases
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