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Cancers represent highly significant health issues and the options for their treatment are often not efficient to cure the
disease. Immunotherapy strategies have been developed to modulate the patient’s immune system in order to eradicate
cancerous cells. For instance, passive immunization consists in the administration at high doses of exogenously produced
monoclonal antibodies directed either against tumor antigen or against immune checkpoint inhibitors. Its main advantage
is that it provides immediate immunity, though during a relatively short period, which consequently requires frequent
injections.
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| 1. Introduction

Currently, cancers remain a highly significant health burden, causing around 10 million deaths per year, which represent
the second leading cause of death worldwide according to the World Health Organization, after cardiovascular diseases.
Therapeutic strategies that are routinely used in the clinic mainly rely on chemotherapy, radiotherapy and surgery.
However, these treatments are not efficient enough for some cancers, either to cure the disease or to prevent
recurrences, highlighting the urgent need for novel, efficient, safe, cost-effective and less-invasive approaches. In this
context, immunotherapy represents a promising alternative for cancer clearance, through the direct modulation and
education of the patient’s immune system to eradicate cancerous cells. Although the concept of immunotherapy is not
new—since the end of the 19th century, the inoculation of bacteria or live cells into the tumors was already considered to
treat malignancies—the number of immunotherapy trials to fight cancer have exploded over the past decades WISl

Two main therapeutic strategies have been developed to confer protective immunity against cancers. The first one,
vaccination or active immunization, relies on exposing patients to tumor’ components in order to build up an immune
memory, for example, through the infusion of tumor lysates or of dendritic cells pulsed with tumor antigens. Although most
approaches were specifically designed to enhance CD8+ T cell response, the protective efficacy of currently used
vaccines is also mediated by the induction of antibodies (Ab) through B cell mobilization, both cellular and humoral
responses conferring long-lasting immunity @5, However, it takes several weeks or months and several injections to
create a vaccine-induced immunity. In addition, optimal protection is rarely achieved in the case of cancers and immune
defenses in elderly people, a population highly susceptible to cancers, are weaker, making active immunization even more
challenging.

An alternative approach, called passive immunization, consists in the administration of exogenously produced protective
monoclonal Abs (mAbs). Because it does not require previous immunization and generation of immune memory, passive
immunization constitutes a therapeutic approach that can hopefully control a disease when it has already occurred by
providing immediate immunity. Several types of host molecules can be targeted by the injected protective mAbs.

First, these antibodies may target specific surface molecules that are expressed primarily and, ideally, only on tumor cells.
However, such tumor-specific antigens are rarely known or vary among patients. Consequently, antigens that are present
on tumor cells but also on certain normal tissues, called tumor-associated antigens (TAAs) are often used as disease
biomarkers. TAAs can be divided into different classes, depending on their origin and their molecular structure. Among
them are 1) some “cluster of differentiation” antigens, such as CD20 for non-Hodgkin lymphoma, CD30 for Hodgkin
lymphoma, CD33 for acute myelogenous leukemia, and CD52 for chronic lymphocytic leukemia), 2) vascular targets, such
as vascular endothelial growth factor (VEGF), and 3) several growth factor receptors, such as human epidermal growth
factor receptor 2 (HER 2). TAA-targeted Abs can operate through direct or immune-related killing of tumor cells. Indeed,
the Ab constant region mediates interactions with complement proteins as well as with Fc receptors expressed on many
immune cells, including neutrophils, macrophages, natural killer cells and B cells, which triggers effector functions such as
complement-dependent cytotoxicity (CDC), antibody-dependent cell cytotoxicity (ADCC) or antibody-dependent cellular



phagocytosis (ADCP). In addition, antibodies may act directly, notably by blocking pathologic signaling cascades or
soluble factors, as well as by inducing apoptosis.

Second, antibodies that are specific to some surface immune regulatory molecules called immune checkpoint have been
developed for cancer treatment. Indeed, since the tumor microenvironment is globally immunosuppressive, the response
to treatment is reduced, which facilitates tumor growth. For example, PD-L1 and CTLA-4 are well-characterized immune
checkpoint inhibitors that are overexpressed in many cancer cells and promote immune escape. Antibodies against PD-L1
and CTLA-4 have proven effective to treat some cancers in clinical trials by blocking the immunosuppressive interaction
with their receptors expressed on immune cells. Alternatively immune checkpoint activators, such as immunostimulatory
anti-OX40 antibodies, have been developed to increase the activation and effector functions of the immune system

against cancer cells 87, Yet, these strategies require some improvements especially to predict patients who can respond
8]

A major advantage of passive antibody infusion is that it is possible to engineer the injected Abs to potentiate their
therapeutic properties. One option consists in engineering the variable regions to target several antigens. Accordingly,
bispecific Abs recognizing two different TAAs or, alternatively, a TAA and a checkpoint inhibitor were developed, in order to
enhance the precision of targeting and the effect of Abs, respectively 219 Recently, a tri-specific antibody targeting
CD38, CD3 and CD28 was designed to activate T cells against B cell malignancies 1. Depending on the antibody
isotype or even on the immunoglobulin subtypes chosen, effectors functions will vary. For instance, 1gG (1-4) subtypes
exhibit different capacities to activate the complement pathway and to bind immune cell receptors. As an alternative
option, the constant region of antibodies can also be modified to modulate their ability to induce ADCC and CDC. This can
be achieved by mutating the amino acids allowing the interaction with Fc receptors or with complement molecules [22113]
(241 For instance, Fc-silent immunoglobulin variants have been constructed to extend antibody half-life or to suppress Fc-
mediated effector functions, when not mandatory for therapeutic efficacy 2413l Alternatively, antibodies can also be
engineered to carry drugs, which will be delivered to the right location.

However, passive infusion of monoclonal antibodies has still several limitations. The main drawback often associated to
such therapies is that it only provides short-term protection, owing to the relatively short half-life of Abs. Furthermore,
except when using immune checkpoint blockers that can enhance pre-existing anti-tumor immunity, no memory
responses are usually induced following monoclonal antibody infusion. Consequently, frequent injections of therapeutic
Abs for several months or even years are required, generating elevated costs and inconvenience to patients due to
frequent ambulatory care. Furthermore, such antibodies are often intravenously injected at doses well-above the
physiological concentrations to reach clinical efficacy, generating systemic side effects, such as cardiac and renal failure
or cytokine storms 187, Hence, new active immunization strategies have been developed to circumvent these limitations
and to induce antibody secretion at physiological doses in vivo, either through the infusion of engineered antibody-
producing cells or through in situ gene modification of endogenous cells.

2. Active Immunotherapy Approaches for Antibody Secretion (Vectored
Immunoprophylaxis)

Vectored immunoprophylaxis allows the secretion of transgenic antibodies in vivo after in situ gene transfer upon vector
infusion (8. Although this strategy was initially investigated in preclinical studies for chronic diseases induced by
infectious pathogens (e.g., human immunodeficiency virus, HIV 22l and simian immunodeficiency virus, SIV 29, hepatitis
C virus, HCV [y it was more recently translated to other pathologies, such as cancers.

2.1. General Notions of Vector Design

Antibodies are formed by two chains: a heavy chain, encoded by one locus, and a light chain, which can be either of kK or A
type, encoded by two different loci. Antibodies harbor two light chains and two constant chains. The association of the
variable regions of the light and heavy chains forms the paratope, which interacts with the target antigen, while the
constant regions of the heavy chain harbor effector functions.

Consequently, the minimal sequences required to encode immunoglobulins are complex and already quite long (around
2.5 kb). In addition, promoters driving the expression of the light and the heavy chains were initially co-inserted in
constructs allowing Ab gene transfer, which made this approach even more challenging because of the limited packaging
capacity of the vectors. For example, adeno-associated virus (AAV)- and lentivirus-derived vectors, which are commonly
used gene delivery vectors, have limited packaging capacities, of around 5 kb for AAV and 10 kb for lentiviral vectors (LV).
Yet, the introduction between the two Ab chains of an IRES sequence or of a 2A peptide, which induces ribosomal
skipping, allows that only one promoter is required [221231[241[25][26][27]



Globally, several modes of infusion have been tested depending on both the vector type and the targeted tissue in
preclinical mouse models. Frequently used infusion routes include intraperitoneal and intravenous delivery, which can
promote systemic response. Yet, for solid cancers, the vectors can be directly injected into tumors to enhance their
efficacy locally 28, For instance, intracranial delivery was efficient to treat breast cancer brain metastases (2939,
Furthermore, oncolytic viruses that have tropism toward tumors and that exhibit a lytic effect against tumor cells can also
be suitably engineered to both deliver transgenes in restricted locations and concomitantly exploit their antitumoral
properties. For instance, recombinant Semliki Forest virus and influenza A virus, expressing respectively anti-PDL-1
antibodies and a single-chain antibody against CTLA4 have been developed B2, Alternatively, vectors that do not have
a natural tropism toward tumors can be engineered to target tumor cells (Appendix A) 23134

AAV-based vectors have a single-stranded DNA genome that can persist in an episomical manner, which leads to long-
term transgene expression, particularly in non-dividing cells. On the other hand, LVs have a single-stranded RNA genome
that can efficiently integrate into the host genome after reverse transcription, which can drive sustained transgene
expression. Both viral vector types are highly efficient gene transfer machines and can easily be produced. Furthermore,
they have been validated in numerous clinical trials, although several safety and efficacy issues still remain to be
addressed. For the latter point, to circumvent Ab-mediated neutralization that could limit their efficacy, owing to the >70%
AAV serotype 2 seropositivity of the population and notably T-cell mediated responses, AAV vector particles are often
injected into muscles 23, Interestingly, association of AAV vectors to extracellular vesicles or vector pegylation were
shown to induce escape from neutralizing antibodies and represents an attractive gene delivery option [28I371[38].

Although, engineered viruses are nowadays a prevalent gene delivery method, plasmids encoding cDNAs can also be
directly electroporated in vivo B2, For instance, the electroporation of a plasmid encoding an antibody directed against
PSMA (prostate specific membrane antigen), a TAA associated to prostate cancer, led to the production of transgenic
antibodies in vivo B,

2.2. Applications for Cancer Therapy

Over the past decade, vectors encoding antibodies directed against TAAs have been developed and tested in several
murine cancer models, showing promising results. Most preclinical studies involving vector-mediated antibody expression
have focused on colorectal cancers, which are among the deadliest cancers. Adenoviral vectors encoding antibodies
directed against epidermal growth factor (EGF), p21Ras or tissue factor were shown to afford significant benefits in
murine colorectal cancer models B941I42] Hormone-related cancers, such as breast cancer or ovarian cancer, have also
been significantly reduced in murine models [28143] ysing, for example an oncolytic adenovirus vector encoding
trastuzumab, a humanized specific mAb directed against HER-2 3], Other cancers have gained increasing attention for
vectored immunoprophylaxis, notably myeloma, lung cancers and epithelial cancers, and for which vector infusion have
led to delayed tumor development [441451146]

Alternatively, vectors have also been engineered to target the immunosuppressive microenvironment, using, for instance,
anti-PD-L1 antibodies upon transduction with retrovirus- or Newcastle disease virus-based vectors, which reduced tumor
growth and prolonged survival in glioma 44 and melanoma & murine models. Antibodies targeting other inhibitory
checkpoints, such as PD-1 or CTLA4 have also driven significant improvements after vector delivery in murine cancer
models BB Other components of the tumor microenvironment, that are not immuno-related, have been targeted by
vectored immunotherapy such as VEGF, which promotes angiogenesis. The expression of a monoclonal antibody directed
against VEGF induced by AAV transduction led to a reduction of tumor growth and metastasis in vivo 281521,

Through vectored immunoprophylaxis, antibodies targeting different components, such as angiogenesis molecules, tumor
antigens, and immune checkpoints, can be combined in a single infusion in order to potentiate treatment efficacy.

However, even if these strategies showed promising results on cancer regression in preclinical studies, translation to
humans is still challenging, mainly for safety issues, such as pathological immune responses against the vector or the
therapeutic antibody, as discussed below.

2.3. Immune Consequences after Vector Infusion

Preclinical studies have highlighted the numerous advantages of vectored immunoprophylaxis as compared to the
passive infusion of antibodies. First, the protection is durable for several months and even years. For instance, antibodies
against HIV were still detectable in the sera of monkeys 11 months after AAV inoculation 2. Consequently, the frequency
of vector administration into patients would likely be reduced, which could improve their quality of life and reduce the costs
associated to monoclonal antibody therapies. Second, with passive antibody infusion, massive doses of antibodies are
repeatedly injected into patients, whereas with vectored immunoprophylaxis, the antibodies are continuously delivered at



low and near physiological levels. This should prevent the neutralizing anti-idiotypic immune response, which is often
observed with conventional monoclonal antibody therapies. However, although their appearance was delayed, anti-
idiotypic antibodies have nevertheless been detected with vectored immunoprophylaxis, which might be due to the
constitutive and nonregulated expression of the therapeutic Ab 23,

On the other hand, vectored antibody immunoprophylaxis also has several drawbacks that need to be overcome before it
can be fully put into clinical practice. First, immune reactions can be triggered against the vector itself, hence limiting its
range of action and particularly its re-administration. Second, due to the selection pressure induced by the continuous
presence of neutralizing antibodies, escape mutants of the targeted molecules, e.g., TAAs, might arise (reviewed in 24,
Thus, implementing a temporally regulated secretion of antibody might reduce this selective pressure by decreasing
exposure duration, as discussed below. Third, tumor penetration by antibodies is often relatively low. The injection of the
vector directly into the target tissue might increase tumor access and might also slightly reduce its systemic side effects.
Finally, vector particles can be engineered to transduce specific cell types via surface engineering or to drive therapeutic
Ab from specific cell types using cell-specific promoters, which can be used to restrict vector expression. This is important
since some cell types might not allow the correct folding or maturation of antibodies, leading to structural abnormalities
that can be recognized as foreign antigens by the immune system. The delivery route also needs to be carefully
considered since intramuscular injection of Ab-expressing vector can increase the immune response against the vector
and the therapeutic Ab 52!,

Consequently, it is clear that the secretion of antibodies at physiological levels by specialized cells might be a more
efficient approach. Toward this goal, adoptive transfer cell therapies have emerged in which cells transduced ex vivo are
subsequently reinfused, likely circumventing the above-mentioned issues.
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