South Russian Journal of Cancer. 2025. Vol. 6, No. 3. P. 63-76 Kc
https://doi.org/10.37748/2686-9039-2025-6-3-7

https://elibrary.ru/oxfxgi
REVIEW

©

South Russian
Journal of Cancer

H0xHo-Poccuiickui
OHKONOTMYECKWil XypHan
Vol. 6
No. 3, 2025

Lymph nodes as a target for the use of dendritic cell vaccines: modern
approaches and prospects

M. Frantsiyants, V. A. Bandovkin™, T. I. Moiseenko, Yu. A. Petrova, I. A. Goroshinskaya,
V.

E.
G. V. Zhukova, L. K. Trepitaki, E. I. Surikova

National Medical Research Centre for Oncology, Rostov-on-Don, Russian Federation
X valerryana@yandex.ru

ABSTRACT

This article provides an overview of current approaches to cancer immunotherapy, with an emphasis on the role of dendritic
cells (DCs), lymph nodes (LNs), and innovative methods of vaccine delivery. Immunotherapy using DC-based vaccines rep-
resents a promising direction, capable of stimulating a specific immune response against tumor cells and forming long-term
immune memory. Tumor-draining lymph nodes (TDLNs) play a key role in immune activation, as they are the sites where
dendritic cells present tumor antigens and activate T-cells. In cancer, unlike viral infections, CD8+ T-cell activation occurs in
two stages, and the effectiveness of this process depends on signals from the tumor microenvironment, which explains why
the immune response to cancer is often weak.

The article also discusses modern strategies for delivering vaccines to lymph nodes, including the use of nanoparticles,
bioorthogonal reactions, and photothermally induced materials. These approaches help overcome the "granularity paradox”,
associated with the need to balance vaccine size for LN penetration and uptake by immune cells. The prospects of adoptive
cell therapy using T-cells from TDLNSs, as well as the role of exosomes and whole-cell tumor antigens in the development of
effective vaccines, are also considered. Combination strategies, such as the use of vaccines together with checkpoint inhibitors
(e.g., anti-PD1), demonstrate potential for enhancing antitumor immunity.

The further advancement of cancer immunotherapy requires the integration of new knowledge about the biology of dendritic
cells, modern methods of cell engineering, and nanotechnology to create personalized and effective antitumor vaccines.

Keywords: cancer, dendritic cells, lymph nodes, dendritic cell vaccine, nano vaccines, exosomes, neoantigens, personalized
medicine

For citation: Frantsiyants E. M., Bandovkina V. A., Moiseenko T. I., Petrova Yu. A., Goroshinskaya I. A., Zhukova G. V., Trepitaki L. K., Surikova E. I. Lymph
nodes as a target for the use of dendritic cell vaccines: modern approaches and prospects. South Russian Journal of Cancer. 2025; 6(3): 63-76.
https://doi.org/10.37748/2686-9039-2025-6-3-7, https://elibrary.ru/oxfxgi

For correspondence: Valeriya A. Bandovkina - Dr. Sci. (Biol.), senior researcher at the Laboratory for the Study of Pathogenesis of Malignant Tumors,
National Medical Research Centre for Oncology, Rostov-on-Don, Russian Federation

Address: 63 14 line str., Rostov-on-Don 344037, Russian Federation

E-mail: valerryana@yandex.ru

ORCID: https://orcid.org/0000-0002-2302-8271

SPIN: 8806-2641, AuthorlID: 696989

ResearcherlD: AAG-8708-2019

Scopus Author ID: 57194276288

Funding: this work was not funded

Conflict of interest: the authors declare that there are no obvious and potential conflicts of interest associated with the publication of this article

The article was submitted 04.04.2025; approved after reviewing 31.07.2025; accepted for publication 14.08.2025

© Frantsiyants E. M., Bandovkina V. A., Moiseenko T. I., Petrova Yu. A., Goroshinskaya I. A., Zhukova G. V., Trepitaki L. K., Surikova E. 1., 2025

63



l0xHO-Poccuitckuii oHkonornyeckuii xypran. 2025. T. 6, N 3. C. 63-76
https://doi.org/10.37748/2686-9039-2025-6-3-7
https://elibrary.ru/oxfxgi

3.1.6. OHKonorus, nyyeBas Tepanus

0b30P

Jinmdatnyeckmne y3nbl KaK TO4Ka NPUNOXEHUSA NPU UCNONb30BAHUM AEHAPUTHOKNETOYHBIX
BaKLMH: COBPEMEHHbIE CTpaTern ycuaeHnsa MMMYHHOI0 0TBETA

E. M. ®paHuusuu, B. A. baugoekuna™, T. U. Mouceenko, 10. A. Metposa, U. A. NopowuHckas, I. B. XXykoea,
J1. K. Tpenutaku, E. U. CypukoBa

®IbY «HaunoHanbHbI MeLULMHCKUIA UccnefoBaTenbCKuil LIEHTP oHKonoruu» MuHucTepcTBa 3apaBooxpaHeHust Poccuiickoit ®egepauuy,
r. PoctoB-Ha-[loHy, Poccuiickas Gegepauus
X valerryana@yandex.ru

PE3IOME

CtaTbsi NpefiCTaBNSET CO60M 0630p COBPEMEHHDBIX NMOAXOA0B K UMMYHOTEpPanun paka, akLeHTMpysl BHUMaHWe Ha ponuv eH-
LpUTHbIX KneTok (OK), numdaTtuyeckux y3nos (JTY) 1 MHHOBaLMOHHbIX METOLOB JOCTaBKU BaKUMH. IMMyHOTepanus ¢ npu-
MeHeHMeM BaKLMH Ha ocHoBe [1IK npeacTaBnsieT co60i NnepcnekTUBHOE HanpaBsJieHne, CnocobHoe CTUMyMpoBaThb cneyudu-
YeCKMIN UMMYHHbI OTBET MPOTMB OMyXOJIEBbIX KJIETOK M (POPMUPOBaTH A0NTOBPEMEHHYIO UMMYHHYIO NamsiTh. [ipeHupytolime
onyxonb numdatnyeckue yanbl (TDLN) urpatoT K/H0O4YeBYHO posib B aKTUBaLMKU UMMYHHOTO OTBETA, TaK Kak UMEHHO B HUX
NPONCXOAUT NpeseHTaL s ONyxosieBblX aHTUTeHOB AEHAPUTHLIMU KNeTKaMu 1 aktusauus T-kneTok. MNpu pake, B oTanyume ot
BMPYCHbIX MHbeKLWMA, akTuBauusa CD8+ T-KNeToK NpoMcxoauT B ABa 3Tana, M ahdeKTMBHOCTb NpoLiecca 3aBUCUT OT CUTHaNOB,
MOCTYNaroLLMX U3 ONYXONEBOIrO MUKPOOKPYXXEHUS, YTO OO BACHSET, MOYEMY UMMYHHbIW OTBET Ha paK 4acTo 6biBaeT cnabbiM.
B cTaTbe Takxe 06CYyX4al0TCA COBPEMEHHbIe CTpaTernm A0CTaBKMU BaKLWUH B TMMdaTnyeckme ysnbl, BKIOYas UCMOSb-
30BaHWe HaHOYacTuL, GMOOPTOroHaNbHbIX peakunin 1 GoTOTEPMUYECKN MHAYLIMPOBAHHbIX MaTepuanoB. 3TN NOAXOAbI
No3BOJIAKOT NPEOAOIIETb «MapafoKC FPaHyNsAPHOCTU», CBA3AHHbI C HEO6XOAMMOCTbIO 6anaHca MeXay pasMepoM BakKLUMH
ANA VX MTPOHUKHOBEHUSA B J1Y 1 3axBaTta UMMYHHbIMU KJ1IETKaMM.

PaccmaTpumBatoTca nepcrnekTMBbl aAanTUBHOWM K/IETOYHOM Tepanuu ¢ ucnonb3oBaHnemM T-knetok M3 TDLN, a Takxe ponb
9K30COM U LiefIbHOKNETOYHbIX OMyX0neBblX aHTUFEHOB B CO3A4aHNN 3 heKTUBHbIX BaKLMH. KOMOMHUPOBaHHbIE MOAXOAbI,
TaKue KakK coyeTaHue BakKLUMH C MHIMGUTOPaMM KOHTPOJIbHbIX ToYeK (Harnpumep, aHTU-PD1), AEMOHCTPUPYIOT NoTeHLMan
ANA YyCUNEHUs NPOTUBOOMYXONEBOIro UMMYyHUTETA.

[anbHeiwee pa3BuTMe UMMYHOTEPANUM paka TPeByeT UHTErpaLmmu HOBbIX 3HAHWI O 6MONOMMK AEHAPUTHBIX KI1ETOK, CO-
BPEMEHHbIX METOA0B KIETOYHON UHXXEHEPUN U HAHOTEXHONIOMUIA ANIA CO3AaHNA NePCOHaNN3NPOoBaHHbIX N 3 HEKTUBHbIX
NPOTUBOOMYXOJIEBbIX BaKLMH.

KnioueBble cnosa: pakK, AeHOPUTHbIE KJTETKW, HVIMdJaTVI‘-IeCKI/Ie Yy3nbl, AeHOAPUTHOKNETOYHasA BakuMHa, HaHOBaKLUWHblI,
9K30COMbI, HEOaHTUreHbl, NepcoHannsnpoBaHHasa MeauLHa
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BACKGROUND

In recent years, cancer immunotherapy has
revolutionized the traditional paradigm of cancer
treatment [1]. Interest in tumor vaccines has been
growing due to their ability to elicit specific immune
responses and to establish durable immune mem-
ory [2]. This progress has opened new opportuni-
ties for the development of more effective cancer
treatment strategies, including the use of dendritic
cells (DCs) in immunotherapy.

Immunotherapy using DC-based vaccines rep-
resents a biologically rational approach that har-
nesses the patient’s immune system to eliminate
malignant cells. The development of DC-based tech-
nologies has become possible owing to the study of
impaired differentiation and functional alterations
of DCs in cancer [3]. DCs, which play a pivotal role in
T-cell activation, constitute the foundation of mod-
ern immunotherapy strategies aimed at restoring
the functional activity of exhausted T cells within
the tumor microenvironment [4]. These advances
have led to a significant increase in the number of
clinical trials of DC-based vaccines over the past
three decades. Most of these vaccines are autol-
ogous and derived from patient monocytes; how-
ever, in recent years, the spectrum of DC subtypes
utilized has expanded.

As a rule, tumor antigens are introduced into
patient-derived DCs ex vivo prior to adjuvant thera-
py. With the advent of personalized medicine, tumor
neoantigens are increasingly being employed to
develop individually tailored vaccines. Therapeu-
tic cancer vaccines based on cells utilize different
sources of antigens, including autologous tumor
cells obtained from the patient, allogeneic cancer
cell lines, and autologous antigen-presenting cells
(APCs). These vaccines mimic natural immune
processes by stimulating an adaptive immune re-
sponse against tumor antigens [5]. However, for
successful immune activation, it is critical to under-
stand the role of lymph nodes (LNs) in this process,
as they are strategically positioned immune organs
where antigens drain from peripheral tissues.

Purpose of the study: to summarize current ad-
vances in the development of cancer immunother-
apy strategies, with a particular focus on the role
of dendritic cells and lymph nodes in shaping the
antitumor immune response.

The Role of Lymph Nodes in the Formation of

the Immune Response

LNs harbor various immune cells, including
APCs, B lymphocytes, T lymphocytes, and natural
killer cells. They are key organs for immune sur-
veillance, regulation, and APC activation [6]. DCs,
with their ability to cross-present antigens, play
a particularly important role in this process. LNs
contain a significant population of phagocytic
DCs, well known for their cross-presentation ca-
pacity [7]. This refers to the presentation of exoge-
nous antigens to CD8+ T cells via major histocom-
patibility complex class | (MHC 1), which results
in the production of cytotoxic T lymphocytes that
specifically destroy tumor cells [8]. An increasing
body of evidence supports that tumor vaccines
targeted to LNs significantly enhance immune re-
sponses [9-12].

Tumor-draining lymph nodes (TDLNs) are the
first LNs reached by tumor cells through lymphatic
vessels. Within TDLNs, DCs capture and present
tumor antigens, activating T cells in the paracorti-
cal zone of the LN. In other words, TDLNs serve as
immune compartments where antitumor immune
responses are generated and regulated [13]. This
makes TDLNs a critical element in the development
of new immunotherapy strategies.

The Two-Step Model of CD8+ T-Cell Activation

in Malignancies

Studies by Prokhnevska N, et al. [14] demon-
strated that CD8+ T cells, which typically combat
infections and tumors, are activated and function
differently in neoplasia compared with viral infec-
tions. In response to malignant tumors, CD8+ T-cell
activation occurs in two stages:

Initial priming: In TDLNs, CD8+ T cells acquire
a "stem-like phenotype". This means they remain in
an immature state, retaining the capacity for long-
term persistence and proliferation. Upon encounter-
ing tumor antigens, CD8+ T cells begin proliferating
within the TDLN. However, unlike their response to
viruses, they do not immediately differentiate into
mature effector cells. Instead, they preserve their
"stem-like phenotype", which allows them to remain
immature for years in human LNs.

Co-stimulatory phase: These immature T cells
gradually migrate from the LN into the tumor. Once
there, they receive additional signals that trigger
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changes in gene activity (transcriptional and epi-
genetic reprogramming), enabling them to become
fully competent "killers" of tumor cells. A range of
activating co-stimulatory receptors expressed on
CD8+ T cells play a crucial role in shaping T-cell
function, such as CD28, NKG2D, 4-1BB, and OX-40.
These receptors transmit signals that enhance
T-cell responses, ultimately supporting T-cell pro-
liferation and survival, cytokine production, and the
generation and maintenance of memory T cells,
despite initial activation through distinct signal-
ing pathways. Each receptor appears to induce
these functions to varying degrees, and this dif-
ferential signaling alters gene expression profiles

and effector functions, creating a unique activation
state [15].

The two-step model of T-cell activation helps ex-
plain why anti-PD1 checkpoint blockade therapy does
not work for all patients. Tcf1+ CD8+ T cells, which ex-
pand in response to anti-PD1, require a CD28 co-stim-
ulatory signal for successful activation [16-18].

CD8+ T cells play a central role in the adaptive
immune response to neoplasia. Their abundance
and activity within the tumor can serve as important
prognostic factors: the higher the infiltration of such
cells, the greater the likelihood of patient survival
and favorable response to therapy, including check-
point inhibitors [19, 20].

Table 1. Classification of Current Approaches in Cancer Immunotherapy

Cate-

gory Approach Example Advantages Limitations
Conjugation of
Chemical antigens with lipids/ DSPE-OVA-Gel Engfgﬁgdéymrzi;ir;ce)de Standardization
conjugation polymers to improve (zhou L, et al.) d gl' P challenges
delivery elivery
c
el
S Phase-transition
5 Nanotechnol- Use of nanoparticles vaccines Dynamic size control, Potential toxicity,
g ogy-based for controlledpdeliver (Wang J, et al.), enhanced immune manufacturing
c platforms y DNA nanoparticles response complexity
S (zha, etal)
€
<
AIternatlve Use of whole-cell a-melittin-NP Broad antigen Tumor heterogeneity,
antigen vaccines, exosomes, (Yu X, etal.), spectrum, limited efficac
sources iPSCs Hy-M-Exo (Xu J, et al.) personalization y
Loading dendritic cells ] Personalized P . )
Ex vivo with antigens prior to s ro%(t:c\a/r?xJILt al) approach, T-cell Labor |n£in§|ve, high
é reinfusion P ! ’ activation
[¢]
s
2 Targeting DSPE-OVA-Gel
] dendritic cells in (Zhou L, et al.) Simplified delivery . . .
© 4 , ]
T In vivo situ (hydrogels, bioorthogonal minimized side CLe';?:iﬁcl(ngffy Iens
bioorthogonal modification effects yp
chemistry) (Qin H, et al.)
2 ACT + Use of T cells from ACT Enhanced immune Low frequency of
© vaccines TDLN or neoantigen- (Okamura K, et al.), response, overcoming neoantigen-specific
% specific T cells OCDC (Li Q, etal.) immunosuppression T cells
S
®
£
-g Strengthened
Checkpoint Combination with PD- ~ DCvax-IT + anti-PD-L1 antitumor response . .
[e] :
© inhibitors L1/PD-1 blockers (Sprooten J, et al.) overcoming Side effects, high cost
resistance
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The tumor microenvironment also plays a criti-
cal role in this process. In the absence of specific
signals, T cells cannot become effective effectors,
which explains why antitumor immune responses
are often weak. Importantly, the signals necessary
for T cells to become cytotoxic do not occur during
the initial priming stage (as in viral infections) but
are generated only after T cells migrate into the
tumor [14]. This finding emphasizes that the tumor
microenvironment is essential for T-cell activation
and that its dysfunction renders antitumor immunity
ineffective.

Thus, antitumor immune activity is primarily in-
duced in TDLNs, which play a key role in shaping
effective antitumor T-cell responses [13, 21, 22].
To date, a wide range of immunotherapeutic ap-
proaches for malignant tumors has been developed,
summarized in Table 1.

Utilization of Lymph Nodes in Inmunotherapy

Currently, the development of cancer immuno-
therapy with antitumor vaccines is progressing in
two directions: the generation of cytotoxic T lym-
phocyte (CTL) populations ex vivo (adoptive cell
therapy) and in vivo through natural immunological
mechanisms occurring within lymph nodes (LNs).

During surgical procedures, tumor-draining lymph
nodes (TDLNs) are usually removed together with
the primary tumor(s) to eliminate potential residual
tumor cells, and the excised LNs are examined for
metastatic involvement [23]. It is now well estab-
lished that extensive LN dissection has provided
little clinical benefit in terms of long-term surviv-
al for patients with colorectal cancer (CRC) with
high microsatellite instability/deficient mismatch
repair [24]. It is assumed that preservation of LNs
may be beneficial for host immune responses
against tumor cells [25]. An interesting study by
Okamura K, et al. [26] investigated the potential of
non-metastatic LNs as a novel therapeutic option
for CRC patients with poor prognosis. The authors
questioned whether TDLN removal deprives the
body of an important antitumor resource and ex-
plored the possibility of using these LNs to improve
immunotherapy outcomes in CRC. Okamura K, et
al. [26] proposed employing LNs for adoptive cell
therapy a method in which T cells are isolated from
patient LNs, expanded ex vivo, and subsequently re-
introduced into the body to exert antitumor effects.

Their results demonstrated that non-metastatic LNs
could serve as a viable source of cells for this ther-
apeutic strategy.

Adoptive cell therapy using neoantigen-specific
T cells represents a promising immunotherapeu-
tic approach. However, the naturally low frequen-
cy of these cells in patients makes their detection
and screening a challenging task, limiting broad
clinical application. To overcome these obstacles,
Li Q, et al. [27] proposed a strategy for preparing
neoantigen-specific T cells for adjuvant therapy
following immunization with dendritic cell (DC)
vaccines loaded with oxidized tumor cell lysates
(OCDC). Theoretically, this strategy offers several
advantages and clinical potential. First, preventive
administration of the OCDC vaccine improves the
condition of immunosuppressed patients, induces
neoantigen-specific immune responses, and facili-
tates the preparation of neoantigen-reactive T cells
by eliminating the need for labor-intensive screen-
ing. Second, OCDC vaccine preparation is simple
and rapid, and pre-vaccination enables timely initia-
tion of patient treatment, thereby increasing the like-
lihood of therapeutic success. Moreover, combining
0OCDC vaccination with neoantigen-reactive T cells
enhances efficacy in patients with non-small cell
lung cancer, CRC, and melanoma, and this approach
could potentially be extended to other immunogenic
tumors.

The development of the second direction in vivo
generation of CTL populations requires novel vac-
cine delivery strategies aimed at enhancing the
immune response.

Modern Strategies for Vaccine Delivery

Given their key role in antitumor immunity, lymph
nodes (LNs) are considered a primary target for can-
cer immunotherapy. Targeted delivery of antigens
and adjuvants to LNs enables modulation of their mi-
croenvironment, thereby enhancing immune respons-
es, and represents a promising avenue in anticancer
vaccine development. Many researchers believe that
efficient and precise delivery of tumor vaccines to
LNs where they are taken up by antigen-presenting
cells (APCs) is a critical determinant for achieving
effective antigen presentation and subsequent induc-
tion of potent antitumor vaccine effects [6, 10, 28].

A major challenge in this context is the design
of vaccine particle size optimized for LN target-
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ing. The so-called "granularity paradox" regarding
LN delivery and subsequent APC uptake remains
a critical issue in the development of effective can-
cer vaccines. On the one hand, a particle size of
10-100 nm is favorable for lymphatic drainage.
Larger particles tend to be trapped in the intersti-
tial matrix, whereas smaller ones are more likely
to enter systemic circulation. On the other hand,
particles ranging from 50—-500 nm are most effi-
ciently internalized by dendritic cells (DCs), with
larger sizes stimulating more robust uptake and
activation. Thus, an optimal balance is required
vaccines must be designed with dimensions that
ensure both enhanced lymphatic drainage and ef-
ficient DC uptake [6, 29].

To address this issue, Wang J, et al. [29] devel-
oped a phase-transition vaccine with dynamically
modulated particle size, based on a thermosensitive
polymer conjugated with a photothermally respon-
sive molecule and an antigen. Initially small in size
(~20 nm), the vaccine drained efficiently into LNs
and then transformed in situ into larger particles
(~480 nm) upon exposure to an external trigger
(laser irradiation). This size modulation promoted
efficient LN DC endocytosis, ultimately leading to
a rapid and robust in vivo antitumor response [29].

A different approach was demonstrated by Zha Y,
et al. [6], who designed a novel tumor vaccine based
on manganese dioxide (MnO,) nanoparticles for LN
delivery. These nanoparticles exhibited an optimal
size (~90 nm), facilitating LN penetration. To en-
hance immune cell uptake, the nanoparticles were
coated with short DNA chains, which increased their
size. This DNA base-pairing strategy for controlling
nanoparticle size, thereby improving antigen pre-
sentation and vaccine efficacy, represents a new
concept for anticancer vaccine development. Im-
portantly, vaccines must not only reach LNs but
also be rapidly internalized by APCs. Otherwise,
they may pass through the subcapsular sinus into
peripheral LN regions and exit via efferent lymphatic
vessels [30]. Nanovaccines meeting both criteria
efficient LN drainage and APC endocytosis hold
significant promise.

In addition to particle size optimization, Qin H,
et al. [31] proposed direct LN targeting via chemical
modification of lymphatic endothelial cell surfac-
es (bioorthogonal reaction). Their results demon-
strated improved delivery of encapsulated antigens
and adjuvants into LNs, leading to a stronger in
vivo CD8+ T-cell response. This strategy resulted in
markedly enhanced therapeutic efficacy, including

Table 2. Comparison of vaccine delivery strategies to lymph nodes

Strategy Particle Size Mechanism of Action Efficacy Clinical Potential
Dynamic size alteration . - Flexibility,

Phase-transition vaccines 20-480 nm under external stimuli nghéngZ?\ZZidtiZ?:rltlc controllable

(laser) Y activation
DNA-functionalized ~90 nm Size control through DNA High, optimal balance of ersonalization, low
nanoparticles base-pairing drainage and uptake toxicity
. . Combination of tumor- . R
Hybrid nanovesicles 30-150 nm derived exosomes and Very high, T-cell activation Multifunctionality

(Hy-M-Exo)

dendritic cell membranes

and Treg suppression

Chemical alteration of
lymphatic vessels to
improve delivery

Bioorthogonal modificatio -

Moderate, tumor-type
dependent

Broad spectrum of
applications
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prolonged survival in mice with metastatic mela-
noma [31].

A summary of the approaches discussed in this
section is provided in Table 2.

Nanovaccines

Several recent studies have shown that the deliv-
ery of nanovaccines to lymph nodes (LNs) activates
both humoral and cellular immune responses to
combat neoplasia [32]. Somatic mutations generate
specific neoantigens — unique tumor antigens that
play a crucial role in antitumor immune respons-
es [33, 34]. However, the number of available tumor-
associated antigens (TAAs) necessary for vaccine
development is limited for most tumor types [35],
and the prediction and identification of individual
tumor-associated neoantigens remain challenging
due to the complexity of the required technolo-
gies [33, 36]. To overcome the lack of knowledge
about specific tumor antigens and to ensure accu-
rate delivery to LNs, various approaches have been
explored.

Adaptive immune responses rely on the abil-
ity of mature dendritic cells (DCs) to migrate to
LNs for further antigen presentation. Considering
this, Zhou L, et al. [37] developed a DSPE-ovalbu-
min (DSPE-OVA) peptide using one-step chemical
crosslinking of DSPE-PEG and the model antigen
peptide OVA. This peptide accumulates in lym-
phoid organs through interaction with endogenous-
ly migrated DCs. To enhance antigen uptake, the
authors created an injectable DSPE-OVA hydrogel
(DSPE-OVA-Gel), which serves as a local environ-
ment for vaccine transport via DCs. The hydrogel is
composed of pH-sensitive DSPE-OVA, granulocyte-
macrophage colony-stimulating factor (GM-CSF) to
recruit and activate DCs, and porous PLGA (poly-
lactide-co-glycolide) microspheres that facilitate
cell attachment. Upon recruitment, the DSPE-OVA
hydrogel efficiently integrates into DC membranes
due to the high affinity of the lipophilic DSPE tail
for cell membranes, thereby enhancing antigen
uptake. This process ensured a high concentra-
tion of OVA without damaging the membrane or
disrupting DC signal transmission. Owing to the
natural ability of mature DCs to migrate to LNs,
OVA-loaded cells effectively reached their target.
In the acidic LN microenvironment, OVA was re-
leased from the cell surface and delivered to local

APCs. This study demonstrates that an injectable
combined hydrogel vaccine significantly enhances
antitumor immunity by ensuring precise antigen
delivery to LNs and stimulating a robust adaptive
immune response.

To address the weak immunoreactivity of LNs
caused by inefficient stimulation of cytotoxic T
lymphocytes, Liu M, et al. [38] developed a nano-
vaccine mimicking high-density lipoproteins
(HDLs), loaded with the chemotherapeutic drug
docetaxel. This platform represents a system for
delivering chemotherapy into the tumor micro-
environment (glioblastoma). The results showed
that dying tumor cells released tumor antigens,
which were subsequently captured in situ by DCs,
initiating the activation of antigen-specific CD8+
T cells that directly induced tumor cell death. The
authors examined the efficiency of LN delivery
and DC uptake of the nanoparticles using fluores-
cence imaging and flow cytometry. The optimized
nanovaccine facilitated simultaneous delivery of
antigens and adjuvants to LNs and sustained
antigen presentation by DCs, which resulted in
a long-term immune response characterized by
increased cytotoxic lymphocyte frequency in lym-
phoid organs and tumor tissue. Immunization with
the nanovaccine significantly suppressed tumor
formation and growth and enhanced the thera-
peutic efficacy of immune checkpoint inhibitors,
particularly in highly malignant melanoma models
in mice.

Compared with vaccines based on specific tu-
mor antigens, whole-cell tumor vaccines contain
a broad spectrum of antigens, thereby avoiding the
costly and labor-intensive process of TAA (neo-
antigen) identification for a specific tumor type.
Importantly, whole-cell tumor vaccines have the
potential to elicit a stronger antitumor immune
response, markedly reducing the likelihood of tu-
mor development and recurrence. Based on this
concept, Yu X, et al. [36] hypothesized that the
ideal LN-targeted nanovaccine should employ
the full spectrum of tumor antigens rather than
individual neoantigens or model antigens. This
approach would enable a sustained immune re-
sponse against multiple tumor antigen epitopes
by activating both CD4+ and CD8+ tumor-specific
T cells. The authors discovered that a-melittin-
NP, a peptide-phospholipid scaffold mimicking
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high-density lipoproteins (HDLs), could serve as an
effective nanovaccine even without specific tumor
antigens or adjuvants. On the one hand, a-melittin-
NP retained the cytotoxic effect of melittin, induc-
ing tumor antigen release at the injection site. On
the other hand, a-melittin-NP of optimal size could
efficiently penetrate LNs and acti vate local APCs.
In experiments using a bilateral B16F10 melanoma
mouse model, administration of a-melittin-NPs
as a whole-cell nanovaccine induced a systemic
immune response, resulting in suppression of pri-
mary tumor growth and even complete regression
of distant tumors [36].

Use of Tumor Cell Lysates as a Source of

Antigens

In several studies, tumor cell lysates, which
contain fragments of tumor cells released during
chemotherapy and irradiation, have been used as
TAAs [39, 40]. However, tumor cell lysates with low
immunogenicity may induce immune tolerance and
reduce the efficiency of antigen uptake [41]. More-
over, the types and quantities of antigens released
as a result of chemotherapy and irradiation vary
among patients, making standardization of this
approach difficult. Therefore, there is a need for
novel strategies for vaccine development that are
not dependent on specific TAAs.

Exosomes as an Alternative Source of Antigens

In recent years, exosomes membrane vesicles
measuring 30—150 nm secreted by cells into the ex-
tracellular environment and involved in intercellular
communication have gained increasing importance
in the development of antitumor vaccines.

Tumor-derived exosomes have been found to
contain multiple TAAs and neoantigens and ef-
fectively deliver them to DCs, thereby stimulating
tumor-specific immunity [42]. Importantly, tumor
exosomes demonstrated superior antitumor effi-
cacy compared with tumor lysates as a source of
antigens [43]. In this study, exosome-pulsed DCs
induced significant inhibition of hepatocellular
carcinoma (HCC) growth and a stronger immune
response characterized by higher T lymphocyte
counts, increased interferon-y levels, and reduced
interleukin-10 and transforming growth factor-B
levels within tumor tissues in both ectopic and or-
thotopic murine models of HCC, compared with
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DCs pulsed with tumor lysates. Furthermore, the
use of tumor-derived exosomes not only mediat-
ed specific cytolysis of HCC cells but also elicited
cross-protective effects against pancreatic cancer
cells [43]. Thus, this combined approach leveraging
a complex array of tumor antigens with efficient
targeted delivery to LNs, where APCs (DCs) and
effector T cells interact renders tumor-derived exo-
somes a highly promising tool for the development
of effective antitumor vaccines.

Hybrid Nanovesicles (Hy-M-Exo)

Building upon this concept, Xu J, et al. [44] de-
veloped hybrid nanovesicles (Hy-M-Exo), created
by fusing tumor-derived exosomes with DC-derived
membrane vesicles and incorporating monophos-
phoryl lipid A. The resulting Hy-M-Exo contained
proteins characteristic of DCs, such as CD86 (an ac-
tivation marker) and CCR7 (a receptor responsible
for LN homing), and showed significant effects
within the paracortical LN region, where DCs and
T cells are located. Hy-M-Exo induced robust DC
activation and stimulated T-cell immune responses
in LNs, leading to strong inhibition of head and neck
squamous cell carcinoma growth in mice. Addition-
ally, the authors found that Hy-M-Exo could sup-
press immunosuppressive regulatory T cells, further
enhancing the immune response. These findings
highlight the potential of hybrid nanovesicles to am-
plify immune responses and inhibit tumor growth.
The authors also proposed that delivering antitumor
agents into LNs via the CCR7-CCL21/19 pathway
(a mechanism regulating LN homing) represents
a promising strategy [44].

Dendritic Cell-Based Vaccines

In parallel, immune surveillance of poorly immu-
nogenic tumors can be enhanced through dendritic
cell (DC)-based vaccines designed to stimulate
antigen-specific immune responses, for example,
by using targeted therapies directed at myeloid
cells. Myeloid cells (including monocytes, macro-
phages, and DCs) are key components of the tumor
microenvironment (TME), performing diverse func-
tions ranging from immunosuppressive to immu-
nostimulatory. The myeloid cell pool is highly het-
erogeneous comprising monocytes, macrophages,
DCs, and granulocytes and exhibits remarkable
plasticity, with the capacity to differentiate into dif-
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ferent phenotypes depending on TME signals [45].
Perez CR and De Palma M [46], investigating the
role of DC subtypes in the TME, placed particu-
lar emphasis on conventional type 1 DCs. These
cells are able to migrate between lymphoid and
non-lymphoid tissues, thereby regulating cytokine
and chemokine distribution, which influences both
inflammation and lymphocyte trafficking. DCs are
considered uniquely capable of cross-presentation,
i.e., presenting exogenous antigens to CD8+ T cells
in lymph nodes [47].

Despite their immunogenic potential, DC-based
vaccines have not yet achieved widespread clinical
application due to difficulties in standardization and
limited efficacy in some patients. In this context,
Sprooten J, et al. [48] found that the major limita-
tion of human DC-based vaccines is the diversity
of their functional states rather than the process
of maturation. The authors identified the most im-
munogenic DC vaccine state, which correlated with
effective antigen-specific immunity and favorable
clinical responses in patients with various tumors.
Surprisingly, their preclinical vaccine DCvax-IT
performed suboptimally: instead of promoting ef-
fector T-cell formation, it increased the number of
PD-L1* lymphoid-associated macrophages (LAMs)
via activation of the type | interferon pathway and
associated genes. Moreover, DCvax-IT stimulated
pre-existing tumor-associated macrophages (TAMs)

Table 3. Alternative sources of tumor antigens

expressing PD-L1, thereby suppressing T-cell ac-
tivity and creating an immunosuppressive envi-
ronment. This mechanism was identified as a key
factor underlying resistance to DCvax-IT. Impor-
tantly, combining DCvax-IT with PD-L1 inhibitors
successfully controlled tumors in immunodeficient
mice phenotypic analogues of human tumors with
T-cell deficiency [48]. These findings demonstrate
the potential to enhance the efficacy of immunolog-
ical interventions in human tumors with impaired
effector cell function.

Induced Pluripotent Stem Cells (iPSCs)

In addition to tumor lysates and tumor-derived
exosomes, induced pluripotent stem cells (iPSCs)
are also being explored as a promising source of
tumor antigens. iPSCs express a broad spectrum
of tumor-associated antigens and can induce im-
mune responses that prevent the development
of various tumor types. However, iPSCs face cer-
tain limitations, including potential oncogenici-
ty, difficulties in delivery to lymph nodes and the
spleen, and limited efficacy in suppressing tumor
growth. Wang R, et al. [49] evaluated the antitumor
effects of exosomes derived from iPSCs and in-
cubated with DCs (DC+EXO) in murine melanoma
models. The immune responses induced by the
DC+EXO vaccine were assessed both in vitro and
in vivo by analyzing T-cell activation and cytokine

Source Description

Advantages Limitations

Cell fragments after chemotherapy/

Tumor cell lysates irradiation

Broad spectrum of antigens

Low immunogenicity,
variability among patients

Membrane vesicles (30-150 nm)

Natural carriers, high Isolation and standardization

Exosomes carrying tumor antigens biocompatibility challenges
Broad spectrum of antigens, Potential oncogenicity
iPSCs Induced pluripotent stem cells potential for personalized difficulties in delivery
therapy
:gr?g\?esicles Combination of tumor-derived su?fr};g;:)nnugggee;lf:t}gry Complex manufacturing
(Hy-M-Exo) exosomes and DC membranes T cells (Treg) process
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levels. After DC+EXO vaccination, T cells isolated
from the spleen exhibited high in vitro cytotoxicity
against melanoma, lung cancer, breast cancer, and
colorectal cancer cell lines. Moreover, DC+EXO
vaccination induced long-term T-cell responses
and prevented melanoma recurrence, while signifi-
cantly suppressing primary melanoma growth and
reducing lung metastases. Finally, biocompatibility
studies confirmed that DC+EXO vaccination did
not cause significant toxicity to normal cells or
tissues in mice.

As shown above, multiple sources of tumor anti-
gens are currently being investigated for the devel-
opment of antitumor vaccines, each with specific
advantages and limitations (Table 3).

Platforms for cell therapy

A promising avenue to increase the efficacy of tu-
mor vaccines is the use of alternative mechanisms
of antitumor cytotoxicity that do not rely exclusively
on CD8+ T-cell activity. Ghasemi A, et al. [50] de-
scribed a cell therapy platform based on mouse or
human dendritic cell progenitors (DCPs), genetical-
ly engineered to express two immunostimulatory
cytokines IL-12 and FLT3L. These modified DCPs
differentiated into type 1 conventional DCs (cDC1s)
and were able to suppress tumor growth, including
melanoma and spontaneously arising liver tumors
in mice, without prior antigen loading or myeloabla-
tive conditioning. The antitumor response resulted
from synergy between IL-12 and FLT3L and was
associated with infiltration and activation of natural
killer (NK) cells and T cells, polarization of macro-
phages toward an M1 phenotype, and induction
of ischemic necrosis in tumors. Importantly, the
immunity induced was dependent on endogenous
expansion of cDC1s and interferon-y signaling, but

not on CD8+ T-cell cytotoxicity. Moreover, cytokine-
expressing DCPs interacted effectively with GD2-tar-
geted CAR-T cells, enhancing their proliferation and
cytotoxicity against intracranial gliomas in mice,
highlighting the potential of combining DCPs with
adoptive cell therapy.

CONCLUSION

It is now clear that lymph nodes (LNs) not only
maintain immune homeostasis but also act as
central hubs for dendritic cell-mediated antitumor
immunity. Recognizing LNs as therapeutic targets
has enabled modern immunotherapy to advance
toward the development of innovative dendritic cell
vaccines (DCVs). Current strategies aim to improve
precision of vaccine delivery into LNs, either by
modulating particle size or by modifying lymphatic
vessels, and to diversify sources of tumor antigens
for dendritic cell presentation. The integration of
tumor cell lysates, exosomes, hybrid nanovesicles,
dendritic cell-based vaccines, induced pluripotent
stem cells, and cell therapy platforms provides new
opportunities to strengthen immune responses,
minimize side effects, and enhance personaliza-
tion. Combination approaches, including checkpoint
blockade, offer a way to control tumors with effec-
tor-cell deficiencies and to overcome resistance of
poorly immunogenic cancers. Despite the progress,
challenges remain potential toxicity, selection of
the most effective tumor antigens, antigen deliv-
ery, standardization of personalized vaccines, and
large-scale production. Nevertheless, the diversifi-
cation of dendritic cell-based vaccine strategies is
expected to enable effective immunotherapy across
the wide heterogeneity of malignancies and clinical
contexts.
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