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Abstract:

Urogenital cancers place a great burden on global health. Despite many forms of treatment
available, many patients with prostate or ovarian cancer experience remissions or progressive disease.
Active cell-based immunotherapy utilizes immune cells acquired from the patient or a healthy donor to
directly target and destroy tumour cells. Several therapies of this type have been approved for clinical use.
However, their effectiveness is still far from being satisfactory. Dendritic cells (DCs) play an important role
in initiating and modulating adaptive immune responses, making them a powerful tool for cancer therapies.
In this work, current development and future perspectives on using DCs to treat prostate and ovarian

cancer are discussed.

Keywords: dendritic cells, dendritic cell vaccines, immunotherapy, prostate cancer, ovarian cancer

Abstrakt:

Nadory urogenitalneho traktu patria k najviac zavaznym formam rakoviny. Napriek dostupnosti
viacerych moznosti liecby u mnohych pacientov s rakovinou prostaty alebo ovarii dochadza k remisiam ¢i
pokroceniu choroby do vyssich stadii. Aktivna bunkova imunoterapia vyuziva bunky imunitného systému
ziskané od pacienta alebo zdravého darcu na cielené ni¢enie nddorovych buniek. Terapie tohto typu
schvalené pre poutzitie v klinickej praxi vsak stale vykazuju neuspokojivi Géinnost. Dendritické bunky (DC)
hraju dolezitu rolu v inicidcii a moduldcii Specifickej imunitnej odpovede a maju tak velky potencial na
vyuZzitie v lieCbe rakoviny. Cielom tejto prace je popisat sticasny pokrok a naértnat buduce perspektivy

vyuzitia DC v liecbe rakoviny prostaty a ovarii.

Klucové slova: dendritické bunky, protinadorové vakciny, imunoterapia, rakovina prostaty, rakovina

ovarii



Contents

R o) B ] o] o] <1V =T o T LSRRI 1
T} d oo [FT o1 Te] o HA SRR 3
DL oo [q A Tool=] | o 1Te] Lo} oY 2SRRI 5
Dendritic cell-based iMMUNOTNEIAPY ....ccccuiiie e e e e e et e e st e e e e aaaee e s nsbeeesannaeees 8
Preparation of dendritic CEll VACCINES ........uvii it e e e e e e e e e e e e nrae e e enares 10
Dendritic cell vaccines in prostate canCer therapy.......ccocveeiiiciee e e e e e e e 13
Dendritic cell vaccines in ovarian CanCer therapy .uoocuueeecciieei ittt sree e s s ee e s e nares 17
Dendritic cells in combined iMMUNOLNEIAPY ....vviiiiiiiiie e e s e e e s 20
DIT oIS oY o IF- [ oo I eleYa ol [V =Y o] o HS SR PSPR 21

REIEIENCES .o 24



List of abbreviations

Ab

AE

Ag
APC
CAR
cDC
CTC
CTL
DC
DTH
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HPV
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Icl

IFN

IL
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mAb
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MHC

antibody

adverse events

antigen

antigen-presenting cell

chimeric antigen receptor
conventional/classical dendritic cell
circulating tumour cell

cytotoxic (CD8") T-cell

dendritic cell

delayed-type hypersensitivity
Fms-like tyrosine kinase 3

FIt3 ligand

folate receptor a
granulocyte/macrophage colony stimulating factor
human leukocyte antigen

human papillomavirus
hematopoietic stem/progenitor cell
hormonal therapy

human telomerase reverse transcriptase
immune checkpoint inhibitors
intradermal [administration]
interferon

interleukin

intranodal [administration]
intravenous [administration]

lymph node

monoclonal antibody
melanoma-associated antigen

major histocompatibility complex



mo-DC monocyte-derived dendritic cells

NK natural killer [cell]

OCa ovarian cancer

(0} overall survival

PAP prostatic acid phosphatase

PBMC peripheral blood mononuclear cell
PCa prostate cancer

pDC plasmacytoid dendritic cell

PFS progression-free survival

poly(l:C) polyinosinic:polycytidylic acid

PRR pattern recognition receptor

PSA prostate-specific antigen

PSADT PSA doubling time

STAT3 Signal Transducer and Activator of Transcription proteins 3
STING STimulator of INterferon Genes

TAA tumour-associated antigen

TAP transporter associated with antigen processing
TARP TCR alternate reading frame protein
TCR T-cell receptor

Th helper T-cell

TLR Toll-like receptor

TNF tumour necrosis factor

Treg regulatory T-cell



Introduction

Cancer has a considerable impact on the global mortality rate. According to the WHO, respiratory
cancers alone were the 6th most prevalent cause of death in 2019, with all types of cancer combined
accounting for an estimated 9 297 000 deaths worldwide ®. Although there are differences between the
sexes, the mortality rankings are generally dominated by lung, liver and colorectal cancers along with the
respective genital cancers. While non-solid cancer types are no less dangerous, they are usually less
prevalent than the cancer types mentioned above. Many solid cancers are preventable by maintaining
a healthy lifestyle and avoiding exposure to carcinogens 2. Infections by some pathogens may increase the
risk of several cancer types, such as gastric cancer (associated with Helicobacter pylori) 3. Naturally, there
have been many efforts to develop vaccines against cancer-linked infectious agents. Some are in early
development (ex. SHO2, a H. pylori vaccine), others are being tested in clinical trials (ex. an Epstein-Barr
virus nanoparticle vaccine) and several are already approved and widely used (e.g. Hepatitis B vaccines,
with global immunization estimate at 84 %) *°.

Urogenital cancers, including cervical, prostate, and ovarian cancers, also pose a significant burden
on global health, affecting individuals and healthcare systems. Cervical cancer in particular is the leading
cancer type responsible for premature deaths in countries with lower Human Development Index (HDI) 7.
Vaccination against the human papillomavirus (HPV) plays a crucial role in urogenital cancer prevention
Despite the availability of vaccines, the global vaccination rate remains very low . Moreover, the mortality
rates of cancers not directly associated with HPV infection, such as ovarian and prostate cancer (OCa and

PCa, respectively), are still quite high. Therefore, a new treatment strategy is needed.

There are several treatment modalities for urogenital cancers. The primary approach in most cases
is a cytoreductive surgery 91°. However, a complete resection of a tumour is not always possible, especially
in the late stage of the disease, where the process of metastasis has already begun. Thus, surgical
procedure is often coupled with chemotherapy or hormonal therapy (HT). Radiation therapy is also used
with a high success rate, however it poses a risk of secondary malignancies in proximate organs 2,

HT, not applicable in every case, has varying response rates depending on the form of therapy and cancer
type 1%, Moreover, the long-term effectiveness may be diminished by the tumour cells exploiting various
mechanisms, such as alternative activation of hormone receptors, leading to the development of hormone-
resistant tumours *°. (In the case of PCa patients, these are referred to as hormone-refractory tumours.)
Likewise, chemotherapy is rather effective, though any progress is often blocked by either intrinsic or
acquired drug resistance '°. Patients also report a high frequency of side effects, negatively impacting their
quality of life 7. As a result, there is a demand for effective therapies that would decrease the burden on

the patient’s body and increase the chances of survival and long-term remission.

One of the options is to use targeted therapies. Based either on small organic compounds or
monoclonal antibodies (mAbs), the drugs interfere with signalling pathways overexpressed only in the
cancer cells 8, Thus, other dividing cell populations are spared from their cytotoxic effects. Another way to
approach this is to make use of the body’s natural defence line — the immune system. By specifically

targeting cancer cells, immunotherapies are able to reduce collateral damage.



Immunotherapies are classified as passive or active based on how they employ the host immune
system 1°. Components of passive immunotherapies do not require additional activation to enact a
response, making them a good choice for patients with weakened immune system. Adoptive cell transfer
(ACT) therapy involves collecting the patient’s lymphocytes and returning them after ex vivo enhancement
—in the form of activation, expansion, or receptor modification 2722, Oncolytic viruses have also been
considered as a potential vector for cancer treatment, either for their natural capacity to kill cancer cells or
in a genetically modified form 2324, In a phenomenon known as the abscopal effect, lysis of tumour cells
resulting from localized treatment with an oncolytic virus can lead to immune system activation and
systemic anti-tumour immune responses %*. So far, few oncolytic virus therapies have been approved for
clinical use . Monoclonal antibody-based therapies are usually included in this category as well ¥°. Some

drugs of this type harm the cancer cells by linking tumour-targeted mAbs with cytotoxic reagents .

On the other hand, active immunotherapies do not act on the tumour directly. Instead, they work by
triggering or modifying the patient’s own anti-tumour response. In practice, this can be achieved by
administration of cancer vaccines, immune checkpoint inhibitors or cytokines. Cytokines commonly used
for cancer therapies include (but are not limited to) IL-2, IL-12 and interferon (IFN)-a 731 Immune
checkpoint inhibitor (ICl) therapies target proteins involved in inhibitory signalling pathways (immune
checkpoint molecules), such as CTLA-4, PD-1 and its ligands, or LAG3 3233, They are mostly expressed on
T-cell or cancer cell surface 3. The interaction of an immune checkpoint molecule (receptor) and its ligand
leads to T-cell suppression. ICls are mAbs which prevent loss of T-cell function by blocking the interaction.
Cancer vaccines aim to trigger the anti-tumour response by employing tumour-associated antigens (TAAs)
in the form of peptides or DNA constructs (which ensure ectopic expression of TAAs) '°. An alternative

approach uses ex-vivo generated dendritic cells (DCs).

Success of the therapy depends on multiple factors, such as health conditions, age, lifestyle and
immune activity within the tumour microenvironment. Tumour infiltration by lymphocytes plays a critical
role; tumours with robust immune cell infiltration are considered “hot tumours” and are often more
responsive to immunotherapies such as ICIs ¥, Tumour-infiltrating lymphocytes (TILs) are frequently used
in ACT therapies 2'. Notable cells used for ACT are chimeric antigen receptor (CAR) T-cells, approved for
clinical use in patients with haematological cancers 3. However, recently, there have been concerns about

the risk of secondary malignancies ¥’.

Taking note of leukocytes responsible for innate immunity, natural killer (NK) cells and
macrophages respond well to certain ICls 33°, though there were efforts to develop CAR-NK and CAR-
macrophages as well %%, So far, neutrophils have limited use in cancer immunotherapy apart from being a
response indicator *2. However, the same does not hold true for dendritic cells (DCs), professional antigen
(Ag) presenting cells. The appeal of using DCs lies in their ability to mount an immune response to multiple
tumour Ags. This allows the immune system to counter cancer resistance based on loss of antigens (for
example, by reversible dedifferentiation of the cancer cells *}). What’s more, they provide a variety of

signals needed for T-cell activation, from co-stimulatory molecules to cytokines.

The aim of this work is to explore recent developments and future possibilities of using DCs in prostate and

ovarian cancer immunotherapy.



Dendritic cell biology

DCs generally arise from Fms-like tyrosine kinase 3 (Flt3)* hematopoietic progenitor cells and are

present in both lymphoid and non-lymphoid tissue %4

Non-lymphoid tissue (also known as migratory) DCs fulfill a surveillance role, constantly sampling
their environment by macropinocytosis and capturing Ags from their surroundings *®. To detect them,
they employ a variety of pattern recognition receptors (PRRs), mostly Toll-like receptors (TLRs) or C-type

lectin receptors (CLRs). PRR expression varies between DC subsets #’.

Upon recognition and internalization of an Ag, DCs initiate the maturation process. This involves
upregulating CCR7, which is necessary for lymph node (LN) entry, and major histocompatibility complex
(MHC) Il 8%*, The expression of co-stimulatory molecules (such as CD40, CD80 and CD86) required for T-cell
activation also increases #*°°, As this is happening, the cells migrate through lymphatic vessels and enter
lymph nodes. Here, they present the captured Ag to thousands of naive T-lymphocytes inhabiting the
organ. By extending long membrane protrusions in all directions, DCs are able to engage several cells at
once. It was estimated that, on average, one DC can “scan” up to five hundred T-cells per hour °%. The T-
lymphocyte that recognizes the presented Ag undergoes activation and becomes an effector cell. To
successfully activate a naive T-cell, additional signals are required — ligation of co-stimulatory receptors and

cytokines - both of which can be provided by DCs.

T-cells forming contacts with DCs can be divided into two types based on their expressed co-receptors.
CD8* T-cells gain cytotoxic capabilities once activated and are then referred to as cytotoxic lymphocytes
(CTLs). CD4* T-cells develop into helper T-cells (Ths), which are responsible for directing the immune
response as needed. Although direct activation of CD8* T-cells is possible *2, usually, assistance of CD4*T-
cells is required >3. This is referred to as DC licensing. Among its effects is prolongation of DC survival.
Overall, DCs do not live long after entering a LN - only three to seven days (in rare cases, they can last up to
two weeks) **. Interaction of CD40 (present on the DC surface) and CD40 ligand carried by helper T-cells
lowers susceptibility to MHC ll-mediated apoptosis and promotes full maturation of the DC >°. Earlier
studies indicated that CD40 ligation is crucial for launching an effective anti-tumour response °°.

Additionally, cytokines secreted by the DC can skew T-cell differentiation towards a particular subset.

Lymphoid tissue-resident DCs perform various duties. Thymic DCs help establish central tolerance
by thymocyte deletion *’. Ags captured by migratory DCs can be transferred to resident DCs, relaying on
them the task of activating naive T-cells *8. They do not have to rely on other cells to acquire Ags, though —
DCs residing within lymphatic sinuses take up material from the lymph, providing an additional line of

defence against pathogens *°.

DCs are considered to be the most potent antigen-presenting cells (APCs), essential for initiating
and regulating immune responses. DC phagolysosome tends to be rather alkaline, with a low level of
lysosomal proteases . This allows for longer preservation of the engulfed Ags and prevents the destruction
of peptide epitopes recognized by T-cells. Presentation to T-cells is facilitated by MHC molecules depending

on the antigen origin — MHC | is used for endogenous and MHC Il for exogenous substances.



Extracellular Ag uptake can be either non-specific or specific — mediated through PRRs #’. DCs can
also take up immune complexes via Fc receptors 1. Following endocytosis (or macropinocytosis),
the Ag-containing endosome or phagosome usually merges with lysosomal vesicles containing processing
enzymes ®2. The captured Ags are digested into short peptides and bound to MHC Il. Here, the assistance of
human leukocyte antigen (HLA)-DM is required, from quality control to unblocking the grooves of newly
made MHC Il molecules (which are occupied by a short peptide called CLIP) ®3. The loaded peptide:MHC II
complexes are then displayed on the surface of the cell, ready to interact with a CD4* T-cell receptor (TCR).
In immature DCs, empty MHC Il along with HLA-DM are also present on the plasmatic membrane; it was

suggested that they can directly capture and present exogenous Ags .

MHC | is typically loaded in the endoplasmic reticulum, assisted by a protein complex containing a
transporter associated with antigen processing (TAP) — a protein that imports peptide fragments from the
cytosol into the lumen. After, it is transported through the Golgi apparatus to the cell membrane.

This “classical” pathway is present in virtually all cells and is used to display self-peptides or peptides
derived from intracellular pathogens . However, MHC | can also be used to present peptides obtained
from the external environment of the cell. Given that CD8* T-cell receptors recognize MHC | only, this
process, named cross-presentation, is the key to launching a CTL response. There is evidence of cross-
presentation in various phagocytic cell types, including osteoclasts and endothelial cells, although its

significance remains to be clarified .

The cross-presentation pathways can be divided into vacuolar or cytosolic ®2. Depending on the
MHC | loading location, two variants of the cytosolic pathway can be distinguished - the phagosome-to-
cytosol (P2C) and phagosome-to-cytosol-to-phagosome (P2C2P) variant. Both processes involve the release
of exogenous Ags into cytosol, where they are processed by proteasomes and subsequently taken up by
TAP. The peptides bind to MHC | after re-entering a phagosome containing loading complexes or enter the
endoplasmic reticulum and continue along the classical pathway. In the vacuolar pathway, Ags are retained
and processed in the phagosome. This is usually facilitated by cathepsins, particularly cathepsin S %54, The
recruitment of MHC | to Ag-containing phagosomes is mediated by TLR signalling ®©. Besides employing
newly synthesized molecules from the endoplasmic reticulum, MHC | is also sourced from the endosomal
recycling compartment. In the case of TAP dysfunction (due to viral blockade, for example), MHC | is
recruited from the endoplasmic reticulum-Golgi intermediate compartment (ERGIC) instead .
It has been proposed that the pathway used depends on the form of Ag and the DC subset . Engagement
of certain receptors can direct captured Ags to a cross-presentation pathway instead of MHC I
presentation. An example is C-type lectin Clec9a, which detects F-actin-myosin complex found on cell
remains after necrosis .
Cross-dressing is an interesting ability that may play an important role in tumour Ag presentation ®. It was
discovered that APCs can acquire parts of cancer cell plasma membrane containing loaded MHC molecules
and display them on their own cell membrane. The peptide:MHC complexes are likely obtained by the
uptake of tumour exosomes or phagocytosis (trogocytosis has also been suggested) and subsequently
recognized by the MHC I-recycling pathway. It was hypothesized that cross-dressing helps facilitate cross-

presentation of tumour-associated Ags in the absence of necrotic cell death.
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Figure 1. Main dendritic cell subsets and their roles in anti-tumour response. Adopted from Plesca et al, 2022,

Although the classification of DC subsets has seen many changes as new information emerges,
several major types of DCs were identified (see Figure 1.) 7°.
Conventional or classical DCs (cDCs) prime CD8* and CD4* T cell responses ’*. They form two subsets
differing in developmental pathways, cytokine expression and behaviour, termed cDC1 and cDC2. c¢DC1 are
found mostly in the spleen and the T cell areas of lymph nodes; also, to a lesser extent,
in blood, bone marrow and peripheral tissues 72. In humans, they are defined by expression of
CD141/BDCA3 3. The presence of cDC1 in tumour microenvironment is often associated with a good
prognosis, as their specialty is type Ill IFN secretion 7*. Furthermore, they possess a high ability to cross-
present necrotic material ’°, playing an important part in antiviral immunity. cDC1 express high levels of

Clec9A, chemokine receptor XCR1 and TLR3, making them excellent inducers of CTL responses 7.

In comparison, cDC2 seems to prefer areas close to B-cell follicles and is much more frequent in non-
lymphoid tissues than cDC1 (in some areas, the cDC1/cDC2 ratios reach 2:1) 72. Moreover, the expression of
CCR7 was observed more frequently in cDC2, suggesting a higher migratory ability. The human surface
marker for cDC2 is CD1c/BDCA1 3. One of their functions is priming follicular helper T-cells (Tfh), essential
in inducing B-cell responses 7. Among human dendritic cells, cDC2 is the main producer of interleukin
(IL)-23, allowing them to induce Th1 and Th17 response in CD4* memory T-cells”3. Intestinal cDC2 express
high levels of integrin avB8, which induces FOXP3 in CD4* T-cells, making them effective in promoting Treg

differentiation 2.

Plasmacytoid DCs (pDCs) are specialized in type | IFN production 7°. The majority of these cells have a well-

developed endoplasmic reticulum befitting their function; a minor subpopulation is adapted to CD4* T-cell



activation instead . In contrast, their ability to induce CD8* proliferation is inferior to that of cDCs, as they
express low levels of MHC | and CD86 71, Examples of human pDC markers are CD123 and BDCA?2 #°,
Notably, in mice, FIt3* lymphoid progenitors are capable of developing into DCs, being more efficient at

generating pDCs than cDCs 2.

Additionally, there is a distinct subset that does not require FIt3L to develop, for it differentiates from
monocytes - known as monocyte-derived DCs (mo-DCs) 8. Many of their abilities are shared with cDC2,
from CD8* T-cell activation to Th17 induction 8%, In murine models, Th1, Th2, and Tfh induction by mo-DC
was observed as well 8787, Compared to their common DC progenitor-derived counterparts, mo-DCs have a
higher lysosomal degradation capacity and retain a part of monocytes’ high phagocytic activity until
maturation %98, This has been suggested to help them process Ags of less soluble, even non-proteinaceous
nature (typically of microbial origin). Initially, it was thought that monocytes differentiate into DC only
under inflammatory conditions. However, there are steady-state DC populations in humans and mice that

are suspected to have a monocytic origin 8%,

Recently, a subset named DC3 was identified, sharing characteristics with both ¢cDC2 and monocytes %;
they possess a high number of co-stimulatory molecules necessary for the induction of tissue-resident
memory T-cells °%°2, Indeed, the variety present in DC activities is unprecedented — under certain

circumstances, some subsets even display cytotoxic capabilities 233,

Dendritic cell-based immunotherapy

Anti-cancer strategies using DCs aim to maximize their immunostimulatory capacity by increasing

their number, promoting their activation by specific Ags or enhancing Ag-presentation capacity.

In vivo expansion of DCs can be achieved by delivering FIt3L or granulocyte/macrophage colony
stimulating factor (GM-CSF), preferably a combination of both ®*. FIt3L administration increases the DC (and
overall leukocyte) number in peripheral blood, though that alone is not enough to induce an anti-tumour
response . As most DCs recruited by FIt3L are immature, it is mostly used to supplement
DC-activating therapies %. In contrast, direct administration of GM-CSF showed some anti-tumour activity
in cancer patients with recurrent disease . In recent years, besides being a component of other
immunotherapies, it is also applied in the form of genetically modified GM-CSF-expressing cancer cells
(GVAX) %.

Administration of adjuvants helps to stimulate immune cell activity and cytokine secretion. To
support DC response during an ongoing therapy, adjuvants target the corresponding signalling pathways.
For example, due to CD40’s role in DC maturation, anti-CD40 antibodies are used to activate the receptor
% TLR agonists can reinforce activation signals by mimicking pathogen-associated molecular patterns.
Polyinosinic:polycytidylic acid (poly-(I:C)) is a double-stranded RNA molecule often used to trigger TLR3 —
and, subsequently, IFN production along with a CD8* response 1%. Since early studies found its activity is
often hindered by cellular RNAses, a derivate stabilized with poly-L-lysine and carboxymethylcellulose, poly-
ICLC, was developed %%, Synthetic oligonucleotides can also be used to activate TLR9, usually consisting of

deoxynucleotides and a CpG cap 2. Besides eliciting CTL and Th response, TLR9 ligands have the added



benefit of simultaneously activating B cells. Likewise, TLR7 and TLR8 ligands such as resiquimod (R848) and
imiquimod (applied topically) are commonly employed to stimulate APCs 102103,
Pro-inflammatory cytokines may also be utilized as immunoadjuvants; some, e.g. IFN-y, can be combined

with other adjuvants for a synergistic effect 1%,

Conversely, some approaches seek to treat cancer by inhibiting DCs’ immunosuppressory functions.
Indoleamine 2,3-dioxygenase (IDO) is one of the major signalling molecules responsible for tolerogenic
activities in pDCs %, Its inhibitors have recently shown promising results (41% objective response rate) in
children with recurrent brain tumours or newly diagnosed diffuse intrinsic pontine glioma, though to
overcome resistance mechanisms, it might be necessary to inhibit additional targets 1°. An earlier
terminated study indicated that tumour cells could escape this type of treatment by utilizing an analogous
enzyme %, Signal Transducer and Activator of Transcription proteins 3 (STAT3) relays the signal from
multiple cytokines including IL-6, IL-10, and its relatives or IFN-y %197 |t plays an important role in mucosal
tolerance, suppressing excessive pro-inflammatory activity in DCs and controlling their proliferation in
conjunction with FIt3. Nonetheless, these functions can be detrimental to anti-tumour immunity, for
example by inhibiting cDC1 interferon response . The most common form of STAT3 inhibition is
danvatirsen, an antisense oligonucleotide targeting STAT3 RNA, tested in combination with other cancer

treatments 108,

Targeted delivery of TAAs/TSAs (tumour-specific Ags) to DCs has long been a hot topic in anti-
cancer therapy research. Although vaccinations with synthetic peptides have been tested in clinical trials,
the resulting Ag cross-presentation may be suboptimal due to the low frequency of DCs in target tissues %,
To ensure that the molecules reach their intended destination, the delivery systems aim at DC- or APC-
specific receptors. Antibodies serve this purpose well, as it is possible to engineer them to recognize
virtually any protein. Typical targets are DEC-205 (CD205), an endocytosis-mediating receptor, and DC-SIGN
(intercellular adhesion molecule 3— grabbing nonintegrin), both from the C-type lectin family 1%, |n
humans, the former is found on multiple leukocyte types, while the latter is expressed only on professional
APCs (earlier studies indicated it may be restricted to CD14* cells and mo-DCs *2). Additional targets
include mannose receptor, XCR1 or Clec9A 76109110,

A study in mice showed that for a long-lasting response to injected Ags, it is ideal to deliver them along with
maturation stimuli *°. This can be streamlined by delivering the cargo in nanoparticles, liposomes or virus-
like particles 102113114 A system using Ag-loaded flagellate bacteria successfully induced antitumour
immunity in mice '**. By increasing the area of Ag distribution, the bacteria were able to more extensively
activate intradermal DCs. Given that the composition of skin tissue limits the diffusion of injected Ags, this
could strengthen immune responses to this type of vaccine. Instead of delivering whole peptides,
immunization can be achieved by transfecting DCs with TAA- or adjuvant-encoding genetic information. For
example, engineered lentiviral vectors increased pre-existing immune responses in patients with various
cancer types %6, Plasmid DNA vaccines have also been tested, though Rastogi et al. and McNeel et al.
recently suggested that the primary APCs in these cases are actually B-cells 7. Rather than actively

presenting, DCs play a supportive but necessary role, licensing the B-cells to activate CD8* lymphocytes.

Ex vivo prepared DCs have shown promising results in both murine models and humans. The first

FDA-approved DC vaccine, PROVENGE® (sipuleucel-T), is commercially available for the treatment of

9



castration-resistant prostate cancer — and many others are currently tested in clinical trials 1*8. While the
response rates vary, further optimization could develop them into a standard therapy for many cancer

types.

Preparation of dendpritic cell vaccines

The first step in preparing DC-based vaccines is acquiring the cells, preferably from the patient
themselves. In several studies, vaccines based on DCs from allogeneic healthy donors were tested as well
119120 Gjven that DCs are distributed mostly in the tissues, obtaining them would ordinarily require a
biopsy. Methods for isolation of human DCs from skin grafts have been developed, for example, though
their efficiency is limited by the difficulty of purification 2. The relative rarity of DCs is a further
complication. Therefore, using leukocytes extracted from blood is preferred.

Leukapheresis allows for obtaining large amounts of cells while being less invasive and labour intensive
than a biopsy. However, the frequency of DCs in the blood is rather low 1?2, Hence, DCs used in cancer
vaccines are usually mo-DCs induced from the blood-circulating CD14* monocytes or CD34* hematopoietic

13124 ¢DCs are particularly rare, though it is possible to generate

stem/progenitor cell (HPSC)-derived DCs
them from CD34* HPSCs 257127, Recently, it was shown that cDC1 may be obtained by reprogramming

human embryonic fibroblasts 2. Plasmacytoid DCs may be derived from CD34* HPSCs as well 1%°,

Monocytes are enriched from peripheral blood mononuclear cell (PBMC) fraction of isolated
leukocytes. A common method for purifying PBMCs is density gradient centrifugation 22. Monocytes are
then obtained by adhesion to plastic, immunomagnetic separation using Ab-coated microbeads, elutriation,
or cold-aggregation (not recommended due to low yields) 130131123 Next, the differentiation into mo-DCs is
induced by adding GM-CSF and IL-4 to the cell culture medium 32, A successful DC generation is marked by
the loss of CD14 expression %3, Substituting IL-4 with IL-15 produces Langerhans cell-like phenotype 3.

To obtain CD34* HPSCs, it is necessary to stimulate their mobilization from the bone marrow.
Afterwards, they are easily accessible from the blood stream. The agent used for this purpose is usually
granulocyte colony-stimulating factor (G-CSF), which was found to be more effective than GM-CSF or
previously used chemotherapy regimens 3°. Human embryonic stem cells can be differentiated into HPSCs
as well 138, Density gradient centrifugation is used for HPSC purification, along with other methods such as
magnetic-activated cell sorting or CD34* microbeads 3713 |t is possible to expand the acquired cell culture
by incubation with thrombopoietin, FIt3-ligand (FIt3L) and stem-cell factor, in addition to other cytokines
139 For the generation of DCs, the combination of GM-CSF and tumour necrosis factor (TNF)-a is a common
choice 33, TNF-a may be substituted by other cytokines, e.g. IL-3 or IL-13 12414%_ DC differentiation using
GM-CSF (also known as colony-stimulating factor 2, CSF2) and IL-4 in the presence of FIt3L was also

described ¥,

Comparing the cells generated from both precursors, the CD14*-derived DCs were found to express

higher levels of CD86 and HLA-DR, though there was no difference in function between the two populations
133

Alternative strategies aim to induce DC differentiation by genetically reprogramming their precursors. As an

example, lentiviral vectors were used to successfully produce mo-DCs from CD14* monocytes in vitro 41,
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In order to induce an anti-tumour response, the newly generated DCs need to be pulsed (loaded)
with the targeted tumour Ags and matured. For the process, two factors are necessary: the Ag and an
adjuvant to promote the maturation of the cells. It is vital to ensure that DCs to be used in the vaccine have
matured properly, since immature DCs have the ability to induce tolerance #2.

This function is usually attained by cytokines such as IFN-y; from the TNF family, TNF-a and CD40L in a
soluble form may be used *3. Curiously, despite being a key factor in DC differentiation, IL-4 was found to
impair their functions during a TNF-a-induced maturation *4, Occasionally, PRR ligands are also used — e.g.

145

lipopolysaccharide **. While a single adjuvant is technically sufficient to induce DC maturation, most

III

studies now favour using a mixture of cytokines, a so-called “cocktail”. The classic combination developed
by Jonuleit et al. includes TNF-q, IL-6, IL-1B and prostaglandin E2 ¢, (The study also sets the standard for
DC maturation in serum-free conditions.)

Various specialized cocktails have been developed since, such as the “a-type-1-polarizing” mix consisting of
IL-1B, TNF-a, IFN-y, IFN-a, and poly-(I:C) #’. DCs stimulated with this cocktail were found to have higher
expression levels of Thl-associated chemokines along with IL-12, though their migratory capacity was lower
than that of DCs matured with the “classic” cocktail 28, Thus, the functional characteristics of the resulting
mature DCs may be adjusted by choosing a particular combination of cocktail “ingredients”. The choice can

also depend on the DC subset needed.

Antigen loading is provided by incubating the DCs with a cell lysate prepared from a tumour tissue
harvested from the patient or using established cancer cell lines.. Although many opt for the freeze-thaw
method, it was shown that using this method may interfere with DC functions . This can be partially
avoided by stressing the tumour cells using heat or radiation before lysis 140, Alternative methods of
lysate preparation including oxidation with hypochlorous acid (HOCI) or sonication have been tested %152,
Utilizing electroporation to boost the effectiveness of Ag uptake results in more potent DCs 3,
Co-culturing DCs with killed cancer cells can also lead to efficient T cell stimulation **, It was suggested that
live injured cells, rather than dead cells, promote certain anti-cancer responses and can be used as an

effective adjuvant .

Tumour cells also help DCs acquire Ags by secreting extracellular vesicles 6. These can be obtained
by centrifugation of the cancer cell supernatant. Exosomes (30-150 nm) induced CD8* and CD4* anti-
tumour responses in mice, but tolerogenic effects were also observed . The reason is likely the influence
of stress — exosomes produced after y-irradiation had stronger immunogenic properties compared to
exosomes derived from non-irradiated cells, which induced a semi-mature DC phenotype. Microparticles
are larger (100-1000 nm) and are more easily taken up by DCs than apoptotic cells 1°®. Besides successfully

stimulating DCs, they were shown to upregulate co-stimulatory molecule and cytokine expression 6,

Methods used for Ag-loading in vivo, such as Ab-linked TAAs, nanoparticles or liposomes, may also
be used in vitro, though simply utilizing dead tumour cells is less technologically and financially demanding.
Still, nucleic acid-based delivery of TAAs is intensively studied. In clinical trials, electroporation is commonly
used to deliver TAA mRNA into the cells *®%°, Using this technique, both CD8* and CD4"* T cell responses
can be generated. It is possible to further promote CD4* response by attaching an MHC-Il compartment
sorting signal to the peptide sequence °, Other delivery methods have been explored, such as

nanoparticles carrying self-amplifying RNA, nanochannel electroinjection or sonoporation with Ag-loaded
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161-163 | ipofection was also used but proved to be less effective than electroporation .

microbubbles
TriMix-DCs are DCs pulsed with a combination of constitutively active TLR4, CD40L, and CD70 mRNA in
addition to TAA mRNA %, Adding the mixture greatly improves their immunostimulatory capacity.

A TriMix-DC-based vaccine was able to induce long-lasting immune responses (> 24 months) in melanoma
patients, with an objective response rate of 27%.

Viral vectors (usually lentivirus or adenovirus-derived) carrying Ag-encoding genetic constructs were
successfully tested as well 6167, Alternatively, DCs transfected with RNA obtained from tumour cells were
able to stimulate CTL activity, however autoimmune response was also observed 8, Plasmid DNA was used
in experiments in mice, though DCs activated this way performed poorly compared to peptide-pulsed DCs
or direct DNA injection %,

A potential disadvantage of TAA-based methods is the lack of nucleic acid fragments that provide additional

danger signals.

A rare but interesting phenomenon occurring in cancer cells is their spontaneous fusion with other
cancer cells 1°, It is not limited to one cell type - fusions with other tumour-associated cells, including
leukocytes, are also possible 72, The resulting hybrid cells tend to have properties of both “parent” cells.
While this can be very troublesome in cases where tumour cells acquire migratory ability, it can also be
exploited for therapeutic purposes. Fusing a dendritic cell with a cancer cell gives the DC access to the full
repertoire of tumour Ags, including those not yet identified 2. Naturally, the possibility of generating
tumorigenic cells raises safety concerns. In a clinical trial in melanoma patients, a DC/cancer cell hybrid
vaccine showed no severe adverse effects and its effectiveness was comparable to vaccines utilizing lysates
or dead tumour cells for DC pulsation 173, However, analysis of murine DC-melanoma hybrids showed
changes in cytokine secretion — a downregulation of IL-12 and IL-15 in favor of IL-4, along with decreased
expression of chemokines and co-stimulatory molecules 2. To counter this effect, additional
administration of signalling modulators is necessary. The typical approaches to induce cell fusion are
incubation with polyethylene glycol or electroporation 4,

Okeyo et al. have developed a single-cell surgery technique that allows for the generation of tumour nuclei-
free DC/cancer cell hybrids 17>, Despite being a great safety improvement, it is not applicable for large-scale

hybrid cell production yet.

Finally, the administration route also has an impact on the following immune response 7. There is
evidence that DC location influences the expression of homing receptors on CD8+ T cells they activate;
whether this holds true for ex vivo-activated DCs is unknown, but possible 71”8, The only currently FDA-
approved vaccine, sipuleucel-T, is administered intravenously (i.v.) '8, Intradermal (i.d.) and intralymphatic
routes were also tested in clinical trials ’°. In comparison to i.v. application, Th1 response was observed
more frequently, but lower titers of TAA-specific Abs were produced 6. DC vaccines may also be

administered intratumorally, though this is less common &

After the application, DCs often need to be additionally stimulated in order to effectively migrate.
Failure to enter the lymph nodes might be a result of unfavourable conditions in the environment 8%, The
tumour can also inhibit DC migration by inhibiting CCR7 expression 82, Previously, this was solved by pre-
treating the injection site with pro-inflammatory cytokines 8. Reducing the number of injected DCs may

lead to an improved migration rate. There is no consensus on the ideal number of DCs to use in a vaccine;
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the PROVENGE® vaccine uses 50 million at minimum 8, Notably, in a clinical trial led by Bedrosian et al.,
patients who received 5 mil. DCs had a slightly higher frequency of adverse effects, but of a lower grade
than patients who received 50 mil. DCs &,

A way to circumvent migration problems is by administering DCs directly into the lymph nodes. In a
comparative study, the intranodal (i.n.) DC injection induced a weaker response than i.d. injected DCs 8,
Possible reasons include damage to the LN during the administration or a higher proportion of immature
DCs present in the LN (as DCs immigrating from other tissues usually mature en route) . It was also
suggested that injected DCs are carried off to more distant LNs by the lymph flow. In contrast, an earlier
study reported superior ability of i.n. injected DCs to induce delayed-type sensitivity response and prime
reactivity towards new peptides 83,

Ultimately, there is no administration route that is clearly superior to the others, and the tumour

characteristics in each case should be considered when choosing the routes.

Dendritic cell vaccines in prostate cancer therapy

The greatest success in DC cancer vaccine research so far is the development of sipuleucel-T,
commercially available under the name of PROVENGE®. Approved for the treatment of asymptomatic or
minimally symptomatic metastatic castration-resistant PCa, it remains the only DC-based cancer vaccine
endorsed by the FDA ¢, Besides DCs, each PROVENGE® dose contains other PBMCs obtained from the
patient; the level of immune cell activation is assessed by measuring CD54 expression 8, Activation is
achieved by incubation with prostatic acid phosphatase (PAP):GM-CSF fusion protein. The vaccine is
administered intravenously.

The safety and efficacy were tested in four placebo-controlled clinical trials (NCT00005947, NCT01133704,
NCT00065442, NCT00779402) followed by a single-arm, long-term study (PROCEED, NCT01306890) ¥, In
general, longer overall survival (OS) time was observed in patients with lower prostate-specific antigen
(PSA) levels. Other factors impacting OS included, for instance, ethnicity (this is particularly notable as most
clinical trials, enlisting predominantly white patients, do not take the factor into account), age, and prior
administration of androgen-targeting therapy or chemotherapy. Patients treated with sipuleucel-T had a

median OS improvement of 4.1 months ¥,

The first clinical trials testing DC vaccines in PCa patients date back to 1999. Alongside
NCT00005947, the pilot study for sipuleucel-T 8, Duke University’s NCTO0004211 was launched that year -
one of the first trials to be completed °. Mo-DCs were activated by co-incubation with PSA-encoding RNA;
no additional maturation agents were used. The vaccination regimen consisted of a low, medium, or high
DC dose administered intravenously and a low dose administered intradermally. The results were
encouraging — of the nine patients analyzed, all had a measurable increase in the frequency of PSA-reactive
IFN-y-producing cells 1*°. Moreover, no adverse events (AE) above grade 1 were observed in any of the
(thirteen) patients participating. Although the the follow-up showed the vaccine effects to be only

temporary, the study demonstrated that DC vaccines are safe and have potential for further development.

A study especially notable for its large scale is VIABLE (NCT02111577). Evaluating 1182 patients
from across Europe and the United States, the trial sought to assess the efficacy and safety of DCVAC, a DC
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vaccine developed by SOTIO Biotech company, in combination with chemotherapy. No statistically
significant differences between the experimental and control group treated were observed, whether in OS,
radiological progression-free survival (PFS) or time to PSA progression. The vaccine was administered
subcutaneously. Patients previously treated with abiraterone or enzalutamide had shorter median OS, but
not significantly. Similarly, there was a positive trend in median OS as the number of doses increased,;

however, there was little difference between the groups.

Previously, multiple studies were conducted at the University Hospital Motol in order to evaluate
DCVAC safety. The outcome of an immunotherapy-only trial (EudraCT 2009-017259-91) was favorable —
after vaccination, PSA doubling time (PSADT) exceeded 15 months in 17 out of 25 participants 1°1. A shorter
increase was observed in 5 patients, and 3 had stable or decreased PSADT. The difference in median PSADT
was significant, as it increased from 5.67 months pre-vaccination to 18.85 months post-vaccination. Twelve
patients who underwent a second vaccination cycle maintained stable PSADT during both cycles. Three
received a subsequent third cycle.
Immune response against PSA, melanoma-associated Ag (MAGE)-1 and MAGE-3 was evaluated. There was
a significant increase in PSA-specific T-cells compared to healthy donors. The frequency also increased
between the vaccination cycles and at all tested time points. In comparison to healthy donors, MAGE-1-
and MAGE-3-specific T-cells were also increased, though an increase during the study was observed only in
MAGE-1-specific T-cells, limited to the first time point. Patients receiving additional vaccination cycles had
stable frequencies of monitored cell types. A significant decrease in regulatory T-cell (Treg) frequency was
observed after the second cycle.

No treatment-related AE higher than grade 2 were recorded.

Another trial tested the safety of DCVAC combined with chemotherapy (EudraCT 2009-017295-24)
192 pDocetaxel therapy was initiated following the first two DC doses. The vaccination resumed after
intolerance or toxicity was observed. DCs were pulsed with UV-irradiated LNCaP prostate cancer cell line
and matured with poly-(I:C), a TLR-3 ligand. The administration route was subcutaneous, with imiquimod
applied at the injection site pre- and post-vaccination. Although serious AE were observed, none of them
were related to the vaccination. Other related AE were of grades 1 and 2, suggesting acceptable
tolerability. Initially, PSA response (50 < % decrease maintained for a minimum of 6 weeks) was observed in
39.1 % of patients. Six months after initiation of the treatment, 34.8 % demonstrated a complete and 21.7
% a partial (25-50 % decrease) PSA response. Compared to healthy donors, 47.8 % of the patients had a
significant increase in PSA-specific, 26.1 % in MAGE-1-specific, and 13.0 % in MAGE-3-specific T cells. In
comparison to baseline levels, a statistically significant increase was observed only in PSA-specific T cells.
Overall, there was an increase in the activated CD3+/HLA-DR+ cell and CD8+ T cell frequency. On the
contrary, a significant decrease in Treg frequency was observed.
The relationship of multiple biological parameters with the clinical outcome was also assessed.
Haemoglobin was found to be correlated with a good prognosis in contrast to C-reactive protein, associated
with a poor prognosis. The median OS was 19 months, significantly higher than predicted.
The most recent clinical trial testing DCVAC in PCa patients combined the vaccine with an oncolytic

adenovirus 1. However, the trial was terminated, and results were not published.
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Kongsted et al. also investigated the capability of a DC vaccine to induce an immune response in
patients treated with docetaxel 1**. Mo-DCs were transfected by mRNA encoding PSA, PAP, survivin and
human telomerase reverse transcriptase (hTERT). The vaccine was administered intradermally.

Between the experimental (DCs + chemotherapy) and control (chemotherapy only) group, the difference in
PSA response rates and median PFS was not statistically significant. In patients receiving DC vaccine, a
significant decrease in myeloid-derived suppressor cells was observed. Of the 11 patients with measurable
disease, 4 achieved a partial response (confirmed for 1 patient in each group), 6 had stable disease, and 1
patient had progressive disease. TAA-specific T-cell responses were monitored in vitro and were observed

in 9 of 18 evaluated patients, though only a minority had lasting responses.

The use of established cancer cell lines for DC loading was tested in multiple Rockefeller University
studies, two of which (NCT00289341 and NCT00345293) were conducted in PCa patients 1%, In the initial
placebo-controlled trial, the LNCaP cancer cell line was used for pulsation. The vaccines were administered
subcutaneously. Delayed-type hypersensitivity (DTH) reaction to LNCaP Ags was observed in 67 % of the
patients 1%, There was also a positive correlation between a DTH response, in vitro T-cell proliferation in
response to apoptotic LNCaP cells and a statistically significant decrease in the PSA slope. Unexpectedly,
there was an in vitro T-cell response to apoptotic cells of the PC3 tumour cell line as well, suggesting a high
immunogenicity of the cell line. This led to subsequent testing of a vaccine based on PC3-loaded DCs,
however, the T-cell proliferation responses were strikingly lower than expected, and data on clinical

outcome was not collected **>1%7,

A trial in the Radboud University Medical Center compared clinical outcomes of ¢cDC, pDC, and
combined (cDC2 + pDC) vaccines in chemotherapy-naive patients 1. DCs were isolated from apheresis
products, expanded, and loaded with TAA peptides (NY-ESO-1, MAGE-C2, MUC1). Additional stimulation
was achieved by co-culturing with protamine and mRNA. The vaccine was administered intranodally in a
tumour-free LN.

Overall, no significant differences between the groups were found. Keyhole limpet hemocyanin (KLH) was
used as a control Ag (hapten) in vaccines containing cDCs. A significant T-cell response was observed in
both groups, though more notably in the cDC group (5/7 patients), suggesting that the cDC-only vaccine
may be more effective than a mixed one. After 6 months, a partial response was observed in 1 patient (5
%), stable disease in 12 (57%), and disease progression in 8 patients (38 %). Only 2 of 21 patients showed a
decline in the PSA level. The median radiological PFS for all participants was 9.5 months. Longer radiological
PFS correlated with the presence of TAA-specific T-cells, being significantly higher in patients with both IFN-
v-producing and skin-test infiltrating T-cells. Interestingly, the presence of TAA-specific T-cells was detected
more often in skin biopsies than in peripheral blood. In 5 patients (24 %), specific T-cells against all three

TAAs were found.

More recently, Wood et al. reported on a vaccine trial targeting TCR alternate reading frame
protein (TARP), an Ag often found on PCa and breast cancer cells 1, One cohort received an emulsion of
TARP peptides (a wild type plus an epitope-enhanced one) and GM-CSF, while the other received mo-DCs
pulsed individually with each peptide, along with KLH for additional stimulation. DCs were administered
intradermally and the peptides subcutaneously. The response was evaluated by calculating changes in

Slope Log PSA, a decrease in the value reflecting lengthened PSA doubling time. At week 36, 26 of 40
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patients received a booster dose of the respective vaccine, which showed no impact on the effect of the
treatment. No statistically significant differences between the cohorts in IFN-y reactivity or post-vaccination
changes in Slope Log PSA were found.

Compared to baseline slopes, a significant slope decrease in the DC vaccine group only was observed.
When pooled together, a decrease was achieved in 71.8% of the patients evaluated at week 24 and 74.2%
of those evaluated at week 48, with a significant response observed at week 72 as well.

In 15 % of the patients, there was a decline in absolute PSA value at week 24. Notably, there was a
significant decrease in estimated PSA growth rate, as the post-treatment median (g = 0,0042/day) was 50 %
lower than pre-treatment (g = 0.0021/day). Furthermore, there was an increase of specific T cells
recognizing not only both peptides used in the vaccine, but an additional wild type TARP peptide as well.

A study testing an improved version of the vaccine on the same participants (NCT02362464) has since

finished, and data analysis is in progress 2%,

Investigators at Haukeland University Hospital tested a unique approach combining DC
immunotherapy with tumour cryoablation 2%, After the disruption of tumour tissue by freezing, immature
mo-DCs were administered intratumorally, exposing them to the whole range of TAAs. Three dose levels
were tested in the first part of the study, the highest reaching 2 x 108 DCs. Additionally, the patients were
given cyclophosphamide to limit Treg activity. In the second part of the study, the tolerability of adding ICls
to the regimen was evaluated. The combination proved to be safe, with no evident correlation between the
occurrences or severity of AE and ICl addition. Most of the reported AE were grade 1 or 2, suggesting only
moderate toxicity. The sequencing of TCRs in blood samples detected a median of 35.5 novel and (>
fivefold) expanded clonotypes two weeks after the treatment. Four weeks later, the median number rose
to 70.5. Notably, the expanded TCR clonotypes demonstrated higher longevity than the novel ones. In all
patients with circulating tumour cells (CTCs), a transient decrease or complete disappearance was
observed. The complete disappearance of CTCs also correlated with longer PFS. OS was higher in CTC-free
patients and patients with lower tissue ratios of CD4*/CD3* cells.

The median OS of all participants was 40.7 months and median PFS was 10.5 months. Long-term clinical
benefit (stabilization of the disease, partial or complete response observed 46 weeks after treatment) was

achieved in 33 % of patients.

An Oslo University clinical trial (NCT02326805) is currently marked as active, despite preliminary
results being published 2%2 (It is likely that the follow-up is still ongoing, as the vaccination phase is limited
to three years.). Autologous tumour mRNA, as well as survivin and hTERT mRNA, was used to load the mo-
DCs. There was a significant correlation between baseline and vaccination immune responses. The
autologous immune response was mostly directed towards PAP, PSMA1 and STEAP1; high CD8+ responses
were often aimed at hTERT. Eleven of twenty patients achieved biochemical remission, while nine
developed biochemical relapse. Of the latter, all achieved stable disease. Notably, intraductal carcinoma
was significantly associated with negative outcomes.

The study was preceded by a phase I/ trial using DCs pulsed with mRNA from several PCa cell lines
(DU145, LNCaP, PC3) 23, Six out of twenty patients demonstrated a partial PSA response, while eleven
maintained a stable disease. A significant increase in the mean frequency of Ag-specific T cells was

observed.
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After promising results from initial studies, the safety of a second-generation APC vaccine
administered along with AP1903, an activating agent, was evaluated 2°. For pulsation, prostate-specific
membrane antigen and iMyD88/CD40-enconding adenoviral vector were used. The results were not made

public, and there is no indication of further development.

Lastly, there are multiple clinical trials recruiting patients at the time of this writing. A novel vaccine
by Shanghai Humantech Biotechnology is to be tested in patients with chemotherapy and androgen
deprivation therapy failure 2. Other studies explore variants of sipuleucel-T immunotherapy, whether in

combination with hormonal agents or an extended course of treatment 206207,

Dendritic cell vaccines in ovarian cancer therapy

Although studies testing DC immunotherapy in OCa patients are less abundant than those

conducted in PCa patients, a fair number has been completed and reported on thus far.

One of the earliest trials compared peptide and DC vaccines in patients with p53-overexpressing
tumours. No significant difference in median OS nor PFS was observed between the groups 2%, Wild type
p53:264-272 peptide was administered either subcutaneously mixed with GM-CSF or used to pulse DCs
administered i.v.. Overall, there was a significant increase in activated CD4+ T cells, including Tregs. This
was associated with the administration of IL-2, which was given to all patients. Notably, 85 % of AE
occurred during the IL-2 cycles. At the end of follow-up, 2 out of 13 patients (15.4 %) in the peptide group
and 2 out of 7 patients (28.6 %) in the DC group had no evidence of disease; the remaining patients had

disease recurrence.

The safety and efficacy of using a DC vaccine as a maintenance therapy for patients with a low
tumour burden were tested in an international trial 2°°. During the preparation of the vaccine, developed by
Prima BioMed, a mucin-1:glutathione-S-transferase fusion protein coupled to oxidized mannan was used to
activate the cells. Several grade 3 and 4 AE were observed, some possibly related to the vaccination. There
was no statistically significant difference in OS or PFS between the experimental and the control group.
However, when comparing patients with first and second clinical remission, a difference in median PFS was
found between vaccinated and unvaccinated participants from the latter subgroup (13 and 5 months,

respectively).

A HER2-targeting vaccine using an adenoviral vector for DC pulsation was tested in patients with
various cancer types, including OCa ', Five patients with ovarian cancer enrolled in the first (dose
escalation) part of the study. Progressive disease was observed in three of them, given low or medium DC
dose. Of the OCa patients given a high dose of the vaccine (20 x 108 DCs), one had stable disease for 48
weeks and one had a complete response. A maximum of 24.8 % regression of target lesions was observed
in the patient with stable disease, though the response was halted by the progression of a non-target
lesion. Likewise, although all the target lesions in the patient with a complete response regressed fully and

polyclonal Abs against HER2 were observed, the cancer recurred with HER2™ tumours.

Several of the SOTIO Biotech company trials tested a combination of carboplatin and DCVAC with

additional chemotherapies. The OCa-targeting versions of the vaccine consist of DCs loaded with epithelial
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OCa cell lines and are administered subcutaneously 1%%12, |n NCT02107950, thirty-two patients received
the vaccine along with carboplatin and gemcitabine; the control group received chemotherapy only 12,
Similar frequencies of treatment-related AE were reported for both groups. Six patients in the experimental
group experienced AE related to the vaccine. During initial analysis, no significant difference in median OS,
PFS, or biological progression-free interval was observed. However, later analyses showed a significant
increase in median OS in the experimental group versus the control group (35.5 and 22.1 months,

respectively).

In order to determine whether the therapy schedule has an impact on its effectiveness, a three-arm
study was conducted 1%, All patients received carboplatin and paclitaxel chemotherapy. While the first
(parallel) experimental group was given DCVAC concomitantly with chemotherapy, the second (sequential)
started vaccination after chemotherapy was completed. Treatment-related AE of grade 3 or higher were
observed in over 55% of the patients, and two patients in each experimental group experienced AE related
to the vaccine. One patient had to discontinue immunotherapy due to drug hypersensitivity. The data for
the final survival analysis are still being collected, though preliminary results indicate significant
prolongation of PFS associated with sequential vaccination. Likewise, OS estimations suggest a positive
effect of DC immunotherapy, more notably for the sequential group. As a result, the benefits of an

extended vaccination regimen are being assessed in the second part of the study.

To target APCs directly in the patients’ bodies, Tan et al. engineered an adenoviral vector encoding
a mucin-1:CD40L fusion protein 213, The virus-based vaccine was tested on multiple adenocarcinoma types,
including the ovarian. A significant increase in MUC1-specific IFN-y response was noted, as well as a general
increase in IFN-y and granzyme B-expressing CTLs, along with CD14* monocytes. No response was observed

in any of the 17 evaluable patients; of the 7 patients with OCa, 2 had stable and 4 had progressive disease.

A recent study at the Denvax Clinic in India showed a notable increase in survival compared to
predictions (estimated based on blood CA125 levels) 2. After vaccination with DCs loaded with autologous
tumour lysate, the 95 % confidence interval for OS was 22.6 to 33.6 months. The 95 % confidence interval
for expected survival was 7.23 to 8.39 months. No AE related to the treatment were observed. Complete or
partial response was achieved in 54 % of the patients, 28 % had stable disease and 16 % showed disease

progression. Six patients did not finish the trial.

To reduce the number of circulating Tregs and induce an IFN-y anti-tumour response, investigators
at Loyola University employed a-DC-1 cells — DCs matured with an a-type 1-polarizing cocktail, known to
produce higher amounts of IL-12p70 721>, IFN-y secretion was indeed present in 25 % of the patients. A

Treg decrease equal to or higher than 20 % was observed in 57 % of the evaluable patients.

Survivin and hTERT are common targets for DC vaccines, including Procure — tested in a trial in
Austria and Hungary 28, A double-loading method was used to activate the DCs, utilizing both mRNA and
peptides. The investigators reported high frequency of strong immune responses and a positive trend in
PFS.

Corr et al. tested a vaccine using DCs loaded with autologous cancer stem cell lysate 27. Though the

study ended prematurely during the SARS-CoV-2 pandemic, results were published: there was no
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difference either in PFS or in OS between the experimental and the control group. A significant increase in

IFN-y response was observed after DC vaccination, though.

The goal of NCT01132014 was to determine the optimal immunotherapy combination 8,
A DC vaccine was administered either alone, alongside bevacizumab (a humanized antibody targeting
vascular endothelial growth factor A, VEGF-A), or combined with both bevacizumab and cyclophosphamide.
The final combination seems to be the most effective, as there was a significant increase in OS rate
compared to patients not treated with cyclophosphamide. Between the bevacizumab-treated cohorts, T
cell response to tumour Ags was more frequently observed in patients who received all three types of
therapy. One patient from the vaccine-only cohort achieved a five-year cancer remission, while partial
response was seen in two patients, each from one of the the remaining cohorts. Overall, 13 of 25 patients

achieved stable disease and 10 patients were non-responders.

Multiple trials are listed as active at the time of this writing. A Mayo Clinic study saw a significant
increase in folate receptor a (FRa)-specific Abs and IFN-y+ T cells 2%°. Five FRa epitopes were used to
activate Th17-inducing mo-DCs, as previous studies indicated that IL-17 response might reduce
Treg-mediated suppression of anti-tumour immunity. In most patients, a decrease in Treg levels was indeed
observed, though not high enough to be statistically significant. However, patients with progressive disease
had a significant Treg decline in recurrent tumours. Disease recurrence was associated with higher levels of
Ab-dependent cellular cytotoxicity. The frequency of responses against the individual FRa epitopes varied:
Ab responses ranged between 39 to 94 % of the patients, while IFN-y+ T-cell response rates reached 89-
100%. Notably, serum IgG specific for other TAAs such as hTERT and p53 were also increased post-

vaccination. The median relapse-free survival was 12.1 months; the median OS has not been reached yet.

In 2022, the Lithuania-based biotechnology company Froceth started a trial assessing the safety of
a DC vaccine combined with carboplatin and paclitaxel chemotherapy (EudraCT 2020-003166-39) ?°. No

reports have been published so far.

An unique study in the Beth Israel Deaconess Medical Center (NCT00799110) evaluates the efficacy
and safety of a DC/autologous tumour cell hybrid vaccine 22!, The product is administered subcutaneously
along with GM-CSF injections at the vaccination site; in one of the two experimental groups, imiquimod will

be applied topically as well. The trial is estimated to end in July 2024.

The currently recruiting trials offer a variety of approaches. The NEODOC study (NCT05773859)
aims to test a cDC1-based vaccine 22, Autologous tumour lysate and KLH are used to load the cells
administered concomitantly with standard-of-care therapy. In the ALISON trial (NCT04739527), the ability
of an allogeneic DC vaccine to prime a T cell response against multiple TAAs will be evaluated 1%°. Patients
with recurrent OCa are eligible for a Mayo Clinic trial evaluating the safety of pembrolizumab
in combination with multi-epitope folate receptor a-loaded DCs (NCT05920798) 223, Investigators at
the University Hospital Antwerp plan to prime DCs to induce a response against a tumour Ag known as

Wilms' Tumor-1, enhanced by IL-15 trans-presentation 224,

A clinical trial testing personalized DC vaccines (NCT05714306) is currently in planning 2. Both

arms of the study will be given DCs loaded with patient-specific peptides, identified either at screening or
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later during vaccination. As it would seem from the number of currently ongoing studies, the development

of anti-OCa DC vaccines is only just beginning.

Dendritic cells in combined immunotherapy

Given that the results of the treatment largely depend on function of effector cells such as
lymphocytes, combining DC-based therapy with other immunotherapy types could significantly raise the
success rates.

ICI have gained attention in recent years as a way to enhance immune cell function. It was suggested that
blocking of PD-L1 on DCs may improve T cell reinvigoration, as the molecule is able to interact with CD80
(B7.1) on the same cell and therefore compete with CD28 2%, Xenograft OCa models showed that CD28
co-stimulation and the presence of activated APCs are key to overcoming TIL exhaustion and resistance to
PD-1 blockade 2%, Furthermore, it could be beneficial to block multiple targets simultaneously. Indeed,
results from some in vivo studies indicate that using bispecific Abs or a combination of inhibitors can
improve the effect of immune checkpoint blockade 2222,

Adoptive cell transfer strategies could complement DC therapy well, as seen in a recent case of a patient
with stage IV metastatic OCa. A significant reduction in cancer lesions was seen after administration of a
combined treatment consisting of a DC vaccine, highly activated NK cells, and nivolumab 23
Furthermore, utilizing vaccines based on immune system stimulators might have additional benefits. For
example, using a DNA vaccine as a booster shot after peptide-loaded DC vaccination in mice led to a

significant increase in central memory CD8+ T cells, prolonging the immune response 1%,

Analysis of gene signatures in peripheral blood of patients treated with DCVAC indicated that PCa
patients with higher expression of immunostimulatory (mostly NK and T cell-associated) genes have
improved responses to DC immunotherapy % In OCa patients, the benefit from vaccination was associated
with low levels of immunosuppressive gene signature instead. However, OCa patients generally showed
increased expression of immunosuppressive genes such as FOXP3 and decreased levels of
immunosuppressive genes compared to PCa patients. While these observations may not hold true for the
overall population, they suggest that PCa patients may benefit from adjuvant therapy that focuses on
stimulating the immune system; unlike OCa patients, for whom a therapy intended to reduce

immunosuppression may be advantageous.

Since patients with cold tumours respond less avidly to immunotherapy, it would be desirable to
induce a shift to the hot tumour phenotype. STAT3 is a transcription factor that plays a major role in cold-
to-hot tumour conversion, as tumour cells exploit STAT3 signalling in the TME to suppress the process 232, It
was found that inhibiting the Janus kinase 2/STAT3 pathway in DCs has a significant positive impact on their
activation and maturation 2, Moreover, the results suggested this approach may improve DC
differentiation in the presence of tumour-derived inhibiting factors. As STAT3 inhibition was shown to

boost cDC1 function, it is a good candidate for adjunctive therapy.

However, investigators of the NCT02107937 trial noted that patients with lower tumour mutational
burden and T-cell infiltration responded better to the vaccine. It was suggested that cold tumours could be

more susceptible to DC immunotherapy as their immunosuppressive activity would be lower due to the low
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presence of lymphocytes in the TME 2%, Furthermore, in hot tumours, the CTL-driven selection pressure
may lead to higher heterogeneity and thus resistance to Ag-specific therapies 2*°. In such cases, additional
vaccinations aimed at different, perhaps even newly emergent Ags could lower the chances of a

recurrence.

Stimulator of interferon genes (STING) is a part of a pro-inflammatory signalling pathway, activated
by presence of DNA in the cytosol %3¢, Its stimulation leads to production of type | IFNs and could be
exploited to help overcome immunosuppressive environment. Murine PCa models showed that treatment
with a STING agonist increased median survival 23®. The effect was even more pronounced in combination
with modified IL-15. In OCa murine models and xenografts, administration of a STING agonist increased the

number of MHC I* DCs in the tumour and promoted DC activation 2%,

It must be noted that results from preclinical studies may be influenced by the choice of model

organism, as DC phenotypes can vary slightly between different mice strains .

Many therapies focus either on immune or cancer cells while the rest of TME is left out of the
equation. Since cell types such as tumour-associated macrophages or fibroblasts play an important role in
cancer immunosuppression, mitigating their influence could have a positive impact on the treatment

results.

Discussion and conclusion

Despite promising results of the sipuleucel-T development, trials of alternative vaccines in patients
with prostate or ovarian cancer were less successful. Response rates rarely reached 50 %; the responses

were often transient and usually led to stabilization of the disease rather than remission.

As DC vaccines rely on the patient’s immune system, response in patients with weakened immunity
would be decreased. It should be noted that in the vast majority of the trials, the age median of
participants was 60 or higher. Although it was observed that elderly mo-DCs perform similarly to mo-DCs
generated from young donors, the function of the remaining DC subsets and cell types is often impaired
50238 Other negative effects associated with aging include decrease in HPSC regeneration ability,
haematopoiesis disruptions or decline in lymphocyte repertoire 238,

Moreover, the immunotherapy was often administered to patients after other forms of treatment had
failed. Despite their benefits, it was observed that both chemotherapy and HT may also have
immunosuppressive effects 22924, It is not clear how a DC vaccine would perform when administered as the

first line of therapy.

In a recent study, mature mo-DCs generated from PBMC of PCa patients showed reduced
expression of MHC Il, CD80 and CD86 compared to mature mo-DCs generated from healthy donors 24,
Moreover, in the blood samples from PCa patients, less monocytes were present. This likely has a
significant impact on the effectiveness of the therapy. The exact mechanism behind the effect remains to
be uncovered. A possible solution to this problem would be to use monocytes from healthy allogeneic

donors.
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Another factor behind the mixed results was likely the heterogeneity of patients’ genetic
backgrounds. Particularly, HLA polymorphism would have an impact on the success of Ag presentation, as

the MHC-binding affinity of a specific epitope can vary between alleles 242,

The administration route and dosage varied largely between the studies; neither seems to influence
the effectiveness of the tested therapies. The impact of administration route on possible AE should be
considered, though. A study in melanoma patents reported an increase in pro-inflammatory cytokine levels
after i.v. administration of a DC vaccine . There was also a low rate of cerebrovascular events reported

after sipuleucel-T administration 8,

The effectiveness may be impacted by the Ag chosen as the therapeutic target. Often, the
molecules overexpressed by tumour cells are widespread in other tissues. Such Ags are unfit for
immunotherapy purposes as the immune system is already tolerized against them. Likewise, highly
immunogenic Ags can be subject to selective pressure and may be lost in a case of immune escape. Hence,
Tourdot et al. suggested the use of low affinity epitopes - peptides with decreased MHC-binding affinity or
stability of peptide:MHC complexes 23, While this results in reduced presentation (and therefore lower
immunogenicity) of these peptides in vivo, it is possible to counteract this by modifying the amino acid
sequence. The study showed that CTLs specific against one such epitope were able to recognize both

modified and native variants of the peptide.

It was also suggested that overly purifying DCs might be detrimental to the vaccine efficacy;
instead, mixing in other cell types could be beneficial. Some evidence in favour of this approach comes
from the Rockefeller University clinical trials. The studies found that DCs isolated using PBMC adherence to
plastic induced significantly higher lymphocyte proliferation responses than DCs selected by Ab-conjugated
beads °°. The cause of this was the presence of lymphocytes in the “Adherence” vaccine, some of them
even activated. The authors proposed that injecting a mixed vaccine into a tumour might induce local
inflammation, attracting additional lymphocytes and reducing the need for DC migration to LNs.

Furthermore, interactions with T cells may lead to prolonged DC survival in vivo.

Ex vivo manipulation of cells bears the risk of contamination or damage during delivery. In some
trials (not mentioned), factors stimulating DC proliferation, such as GM-CSF or FIt3L were administered
along with TAAs 24, However, no methods of directly inducing DC differentiation in the patients have been
tested. It would perhaps be possible to utilize viral vectors or nanoparticles to directly target DC precursors
and differentiate them into the desired DC subset. However, markers used to isolate these cells are found
on many other cell types. Ensuring proper maturation and targeting Ag delivery would pose additional
challenges, making this approach arguably less efficient.

Utilizing DCs in a novel way, a vaccine consisting of polymer nanoparticles coated with cell membrane
obtained from tumour lysate-pulsed DCs was developed 2%, The so-called “mini DCs” showed remarkable
anti-tumour effects in both in vitro and in vivo OCa models. The authors argue that mini DCs have multiple
advantages over living cells, including longer shelf life and insusceptibility to an immunosuppressive

environment.

In summary, DC-based immunotherapies have shown promising results in the past years.

Nevertheless, there is a lot of potential for further development and improvements. Moving forward, it
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seems that a move into personalized therapies that take the patient’s genetic background and tumour
characteristics into account will be necessary. If a suitable combination of treatments can be determined,

the goal of achieving a complete biochemical remission would not be impossible.
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