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Abstract: Antibody-drug conjugates (ADCs) have emerged as a transformative approach in
cancer therapy by enhancing tumor targeting and minimizing systemic toxicity compared

to traditional chemotherapy. Initially developed with chemotherapy agents as payloads,
ADCs have now incorporated alternative payloads, such as immune-stimulating agents,
natural toxins, and radionuclides, to improve therapeutic efficacy and specificity. A
significant advancement in ADC technology is the integration of Proteolysis Targeting
Chimeras (PROTACs), which enable the precise degradation of cellular targets involved in
tumorigenesis. This strategy enhances the specificity and precision of cancer therapies,
addressing key mechanisms in cancer cell survival. Moreover, incorporating radioactive
isotopes into ADCs is an emerging strategy aimed at further improving therapeutic outcomes.
By delivering localized radiation, this approach offers the potential to enhance the efficacy
of treatment and expand the therapeutic arsenal. Despite these innovations, challenges
remain, including dysregulated immune activation, severe adverse effects, and intrinsic
immunogenicity of some agents. These emerging issues highlight the ongoing need for
optimization in ADC therapy. This review summarizes the latest developments in ADC
technology, focusing on novel payloads, PROTAC integration, and the potential for combining
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Introduction

The advent of antibody—drug conjugates (ADCs)
has radically changed the landscape of cancer
treatments, by adding sophisticated approaches to
specifically target cancer cells with potent antineo-
plastic payloads. While broadly carrying an unac-
ceptable safety profile when used as systemic
therapeutics, payloads delivered through ADCs
allow for more selective, tailored cancer delivery of
drugs, while largely sparing normal tissues!:2 yield-
ing improved safety. With few exceptions, ADCs
have been developed as conjugated to payloads
that are chemotherapy compounds, exerting cyto-
toxic activities—mostly by targeting microtubules
or disrupting DNA by inhibiting the topoisomer-
ases enzymes. However, with ADCs’ ability to pre-
cisely deliver virtually any payload, their potential
for clinical application has expanded through new
ADC technologies, carrying potent cytotoxins that
can be of a different chemical or biological species
than classic chemotherapy drugs. Conventional
chemotherapies have shown inherent limitations,
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including their off-target toxicity and cross-resist-
ance mechanisms with traditional chemo-
compounds. As such, there is an urgent need to
identify novel payloads, to overcome and prevent
treatment resistances, and ultimately result in
improved patient outcomes. Specifically, immune-
conjugates, innate immune system activators, bac-
terial toxins, and radioligands appear each to be
offering distinct mechanisms of action and thera-
peutic potential, with promising results from pre-
clinical and early clinical studies (Figure 1). In this
review, we will describe the most prominent non-
chemotherapy payloads under development, to
portray an emerging landscape of ADCs exerting
their clinical benefits through innovative mecha-
nisms of action.

Immune-stimulating antibody conjugates

Immune conjugates represent an innovative
approach in ADC design, intended to leverage
the power of the immune system to enhance
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Figure 1. A concise visual representation of selected innovative ADCs and immune conjugates. The figure

highlights their key components and mechanisms.

CA, chelating agent; ISC, immune-stimulating compound; NIR, near-infrared; POI, protein of interest; STING, stimulator of
interferon genes; TLR, Toll-like receptors; TPD, targeted protein degrader.
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anti-tumor activity. Immune-activating payloads
can stimulate immunity by enhancing the spe-
cific, lymphocyte-mediated responses or the
innate immune system. The introduction of
immune checkpoint inhibitors (ICIs) in routine
clinical practice has revolutionized cancer treat-
ment. While widespread and well consolidated,
ICIs’ activity is usually impaired in so-called cold
tumors (i.e., poorly immunogenic cancers);
hence, new strategies to enhance immune
response are needed and largely under investiga-
tion.! Approaches to enhance the immune
response and turn “cold” tumors into “inflamed”
immunogenic cancers include immuno-agonists
small molecules: the Toll-like receptors (TLRs)
agonists and the stimulator of interferon genes
(STING) agonists. These agents engage with the
pattern recognition receptors (PRRs), favoring
the recognition of damage-associated molecular
patterns (DAMPs) released by tumor cells.2 The
systemic administration of such immune stimula-
tors has shown to yield a non-selective systemic
immune response, causing immune-related
adverse events that can be severe (e.g., cytokine
release syndrome). As such, selectivity through
ADC conjugation may better direct their activi-
ties within tumors, while sparing normal tissues.
In an attempt to more selectively deliver such
therapies, intra-tumoral administration of
immune-stimulants has been investigated,? with
limited efficacy. The targeted delivery of immune
agonists provided by immune-stimulating anti-
body conjugates (ISACs), however, may repre-
sent a Dbetter alternative to overcome
immune-activation-related toxicity. ISACs are
structurally similar to traditional ADCs, compris-
ing an antibody targeting a tumor antigen cova-
lently linked to an immuno-agonist, representing
the payload.* However, ISACs differ from tradi-
tional ADCs due to their mechanism of action.
Once the antibody has bound to the target anti-
gen, the complex antigen-ISAC is internalized by
endocytosis mediated by the Fcy receptor (FcyR)
on immune cells, especially the antigen-present-
ing cells (APCs). This process locally reshapes
the tumor immune microenvironment and acti-
vates the anti-tumor immune response.> Of note,
being ISACs’ uptake mediated by the FcyR, anti-
drug antibodies (ADAs) could develop, whose
role in impairing drug efficacy, pharmacokinetics,
and patients’ safety is still unknown. Hence,
ADASs’ detection may have an important role in
this setting: while with traditional ADCs, a cer-
tain amount of ADAs is detected, their role is
unclear (and not routinely searched for clinical

practice).%® The main PRR agonists used as pay-
loads are TLR agonists and STING agonists.

Toll-like receptors. Innate immune system activa-
tors offer a promising strategy to bolster anti-
tumor immunity. These agents can activate PRRs
such as TLRs or STING pathways, initiating a
cascade of immune responses that enhance the
innate and adaptive immune responses against
cancer cells. TLRs are transmembrane receptors
expressed by both immune and non-immune cells
that play a key role in innate immunity recogniz-
ing danger signals known as pathogen-associated
molecular patterns, which are external (e.g., bac-
terial parts), and DAMPs, which come from the
inside as remnants of dead cells. TLRs are located
on the cell surface (i.e., TLR1, 2, 4, 5, 6, 10) and
on the endosomes of APCs (i.e., TLR3, 7, 8, 9).
Once activated, TLRs enhance antigen presenta-
tion by APCs, such as dendritic cells and macro-
phages, hence TLR agonists improve immune
response, including anti-tumor response.® The
integration of these activators into ADCs aims to
exploit the body’s natural defense mechanisms to
achieve a more sustained and complete anti-
tumor effect. Due to safety concerns, no TLR
agonist has been approved for systemic adminis-
tration or intratumoral injections. Immune conju-
gates have been designed to avoid toxicity issues
related to the ISACs given systemically, with
TLR7, TLR8, and TLRY agonists as the main
employed payloads.l® Preclinical data in vitro!!
and in vivo® suggested a significant anti-tumor
activity of ISACs with TLR agonist payloads.
Specifically, the human epidermal growth factor
receptor 2 (HER2)-directed and TLRS8-conju-
gated SBT6050 (pertuzumab zuvotolimod) ISAC
was evaluated in combination with an anti-PD1
(pembrolizumab or cemiplimab) in a phase I trial
(NCT04460456), reporting an acceptable safety
profile and no unexpected adverse events.!?
Another phase I/II trial tested pertuzumab
zuvotolimod in combination with other HER2-
targeted therapies, including trastuzumab derux-
tecan (NCT05091528).13 Pertuzumab
zuvotolimod showed limited activity in evaluable
patients (z=14; 1 patient with partial response, 3
with stable disease). However, significant
immune-related toxicity, mostly cytokine release
syndrome, made its use in combination with per-
tuzumab or increasing the dose!4 as a monother-
apy not safe, leading to drug development
discontinuation.!> A sponsor strategic re-align-
ment also led to the withdrawal of SBT6290, an
anti-NECTIN4 antibody conjugated with a
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TLR8 agonist INCT05234606).1° As such, these
agents appear still to present the safety issues that
TLR systemic administration brings in term of
dysregulated immune activation, and optimized
technologies are required for the safest clinical
use. Another agent BDC-1001 (trastuzumab
imbotolimod) is an anti-HER2 ISAC conjugating
a trastuzumab biosimilar with a TLLR7/8 dual ago-
nist via a non-cleavable linker; it has been tested
in HER2-expressing tumors with or without
nivolumab. BDC-1001 development was discon-
tinued due to a sponsor’s decision, despite the
limited toxicity, as the preliminary clinical activity
was not deemed promising amidst many competi-
tive ADCs anti-HER2 in development.!” Addi-
tionally, NJH395 consisting of an anti-HER2
antibody conjugated to a TLR7 agonist was inves-
tigated in a phase I trial enrolling patients with
HER2-expressing non-breast advanced solid
tumors. Pharmacokinetic and pharmacodynamic
analyses demonstrated that the TLR7-agonist
payload is delivered to tumor cells, also showing
an effective immune system modulation, as sug-
gested by the induction of type I interferon
response. Although manageable, cytokine release
syndrome was a common adverse event, together
with neuroinflammation (meningitis), highlight-
ing that ISACs’ side effects remain one of the
main issues to face in the development of this
drug class. Due to side effects, limited efficacy
with no complete nor partial response observed,
and the high antidrug immunogenicity (as sug-
gested by the ADA formation in treated patients),
NJH395 development was discontinued in phase
1.7 TAC-001 is a TLR agonist antibody conjugate
composed of a TLR9 agonist bound to an anti-
CD22 antibody. In preclinical models, by binding
the CD22 receptor on B cells and favoring the
antigen presentation through the TLR9 agonism,
TAC-001 was demonstrated to stimulate the acti-
vation of both the innate and the acquired
immune systems to favor anti-tumor activity.!8
Clinical TAC-001’s activity is currently under
evaluation in a phase II trial. Several TLR-based
ISACs are under investigation in both preclinical
and clinical settings, and a selection of them is
reported in Table 1.

Stimulator of interferon genes. STING is a pro-
tein located in the endoplasmic reticulum and
involved in initiating the IFN type I-dependent
innate immunity and is a key component of the
cyclic GMP-AMP synthase (cGAS)-STING-
IFN pathway. cGAS interacts with dsDNA from
pathogens or apoptotic cancer cells and is

subsequently recognized by STING, activating
the downstream signaling that finally leads to the
IFN induction.!® Preclinical studies testing ISACs
with STING agonists as payload showed promis-
ing results in terms of antitumor activity.2 TAK-
500 is a STING agonist (TAK-676) conjugated
to a human IgG1 anti-CC-chemokine receptor 2
antibody that activates the innate and adaptive
immune system in murine models, especially
when associated with an anti-PD1 antibody.
These results represented the rationale for design-
ing a phase I/II trial testing TAK-500 with or
without pembrolizumab in patients with advanced
solid tumors.2! Another promising agent is XMT-
2056, an anti-HER2 ISAC conjugated with
a STING agonist (dimeric amidobenzimidazole)
that demonstrated an intense anti-tumor efficacy
in mouse models in a dose- and target-dependent
manner.22 XMT-2056 is under clinical investiga-
tion in a phase I trial enrolling patients
with  HER2-expressing advanced tumors
(NCTO05514717). Due to a fatal event at the first
dose level, the study was temporarily put on clini-
cal hold and restarted after lowering the dose,
suggesting that even dose finding is extremely
challenging for ISACs targeting STING, and
innate immunity more broadly.

Proteolysis targeting chimeras-conjugated

ADCs

A new class of anti-cancer drugs is composed of
targeted protein degraders (TPD). TPD are
bifunctional compounds that have the ability to
bind to a protein of interest (POI) at one end and
to E3 ligases at the other end. This induces ubig-
uitylation of the POI and its subsequent degrada-
tion by the ubiquitin—proteasome system.2?3
Presently, there are two main types of TPD mol-
ecules: molecular “glues” and hetero-bifunctional
“degraders,” also known as proteolysis targeting
chimeras (PROTACSs). Molecular glues are typi-
cally small, low molecular weight compounds
that bind to both the target protein and the E3
ligase at the same time, inducing a conforma-
tional change that promotes their interaction
(such as thalidomide); PROTACSs are heterobi-
functional molecules—chimeras consisting of an
E3 binding moiety coupled to a specific substrate
protein binding moiety to enable the interaction
between a desired target protein and the proteas-
ome machinery, forming a ternary complex that
leads to targeted-protein degradation.?* Virtually,
well-designed PROTAC can target any oncogene
and induce degradation of major cancerogenesis
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Table 1. An overview of the landscape of drug development of ADCs conjugated with novel, non-chemotherapy payloads.

Agent Target Payload Latest trial Setting Trial number
phase

TAK500 CCR2 STINGa Phase la/b Advanced solid tumors NCT05070247

XMT-2056 HER2 STINGa Phase | Advanced solid tumors NCT05514717

HE-S2 PDL1 TLR7-8a Preclinical Advanced solid tumors Preclinical

PERTUZUMAB HER2 TLRa Discontinued Advanced solid tumors NA

ZUVOLIMOD | SBT-6050

BDC-1001 HER2 TLR7-8a Discontinued Advanced solid tumors NA

NJH395 HER2 TLR7a Discontinued Advanced solid tumors NA

TAC 001 CD22 TLR%a Phase Il Advanced solid tumors NCT05399654

BMS-986497 CD33 GSPT1 Phase | Acute myeloid leukemia  NCT06419634
degrader

ORM5029 HER2 GSPT1 Phase | Advanced solid tumors NCT05399654
degrader

Moxetumomab pasudotox ~ CD22 PE38 FDA approval Refractory HCL

DT2219ARL CD19 and Diphtheria Phase Il Hematological NCT02370160

CD22 toxin (concluded) malignancies

WTX212 PD1 Erythrocyte Phase | Advanced solid tumors NCT06026605

BMS-986288 CTLA-4 Masking Phase I/1l Advanced solid tumors NCT03994601
peptide

HDP-101 BCMA a-Amanitin Preclinical Multiple myeloma

MIRZOTAMAB CD276 Clezutoclax Phase | Lung cancer NCT03595059

CLEZUTOCLAX | ABBV- (Bcl2-XLi)

155

CETUXIMAB EGFR Photo- FDA approval Unresectable head and ~ jRCT2031200133

SAROTALOCAN sensitizer neck cancer

CD184-DASATINIB CD184 Dasatinib Preclinical Immunosuppression NA

KSI 301 VEGFR Biopolymer Phase IlI Retinal disorders NCT04592419

(completed)

ABBV-319 CD19 Glucocorticoid Phase | Hematological NCT05512390
Rec modulator malignancies

EDC1 Dysadherin Steroidal Preclinical Solid tumors NA
glycoside

EDC9 CD20 Steroidal Preclinical Hematological NA
glycoside malignancies

ADC, antibody-drug conjugates; BCMA, B-cell maturation antigen; CCR2, C-C chemokine receptor type 2; CTLA-4, cytotoxic T-lymphocyte-
associated antigen 4; EGFR, epidermal growth factor receptor 2; GSPT, G1-to-S-phase transition 1; HER-2, human epidermal growth factor
receptor 2; PDL1, programmed death ligand 1; PE, Pseudomonas Exotoxin A; STING, stimulator of interferon genes; TLR, Toll-like receptor;
VEGFR, vascular endothelial growth factor receptor 2.
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drivers, representing one of the most appealing
technologies of the last two decades. Precisely
due to their composition and physicochemical
properties, these heterobifunctional degraders
feature poor drug metabolism and pharmacoki-
netic properties, such as low oral bioavailability
and/or rapid in vivo clearance.?> Another draw-
back of PROTAC S is that although they are highly
efficient degraders, they are generally not tissue-
specific, since they exploit E3 ligases with broad
expression profiles, causing a small therapeutic
window and potential more side effects when tar-
geting universal cellular targets. One strategy to
improve the in vivo bioavailability is to conjugate
PROTACs with monoclonal antibodies and
exploit them as a payload. Monoclonal antibodies
have the ability to recognize specific antigens and
deliver degrading molecules to specific tumor
cells, enhancing the in vivo delivery of chimeric
degraders with poor physicochemical or drug
metabolism characteristics. This new entity com-
posed of monoclonal antibody and PROTAC is
defined as novel Degrader—Antibody Conjugates
(DAC).2% One of the main differences with ADC
is that the toxic payload of traditional ADCs is
broadly toxic to many cells, whereas DACs are
usually not. This is because the selectivity toward
the target of the degrader is added to the selectiv-
ity of monoclonal antibody to its target. This
mechanism also overcomes some limitations of
PROTACSs: tissue-specific degradation could
enable optimization of the therapeutic window
and minimize side effects for broad-spectrum
PROTAUC S, increasing their potential as drugs or
chemical tools.2? As for the ADC, even DACs can
enhance therapeutic monoclonal antibodies,
such as trastuzumab or pertuzumab. Several
DACs are currently being investigated. Some in
vitro studies have demonstrated potential use in
breast cancer, wusing PROTACs against
Bromodomain-containing protein 4, or to degrade
estrogen receptor alpha (ERa), TGFBR2, chro-
matin-remodeling complex regulating proteins
such as BRM, and other targets.?®8 One of the
most targeted proteins is the G1-to-S-phase tran-
sition 1 (GSPT1), also known as eukaryotic
release factor 3a. This G-loop degron-containing
protein is a crucial translational termination fac-
tor?® and is dysregulated in various tumor cell
types. GSPT1 is significantly overexpressed in
various cancers, including colon cancer,3? acute
myeloid leukemia (AML),3! gastric cancer,32 liver
cancer,?? and breast cancer.3* ORM5029 is one
such DAC. ORM-5029 (Orum Therapeutics
USA, Inc., Lexington, MA) is a new antibody

neo-Degrader conjugate composed of pertuzumab,
an antibody directed against HER-2 conjugated,
via a Val-Cit PABc cleavable linker, to SMol006, a
selective molecular “glue” degrader of GSPTI.
SMol006 specifically targets and binds to GSPT1,
leading to GSPT1 degradation via the E3 ubiqui-
tin ligase pathway. GSPT1 PROTAC-induced
loss results in activation of the integrated stress
response, which ultimately leads to apoptosis of
the targeted cancer cells.2® ORMS5029 uses a
Dual-Precision TPD (TPD2) approach combin-
ing the catalytic mechanism of TPDs with the
precision of tumor-targeting therapeutic antibod-
ies. Preclinical studies showed that HER2-positive
breast cancer cell lines display a higher sensitivity
to GSPT1 degradation than all other cell lines
tested, suggesting a possible setting for clinical
implementation.2®  ORM-5029 is currently in
clinical development for the treatment of HER2-
expressing solid tumor (such as breast cancer,
gastric, or gastroesophageal junction adenocarci-
noma) or tumors with HER2 amplification or
mutations (e.g., colorectal, bile duct, ovarian,
bladder, non-small cell lung). In the BT474 xen-
ograft model, treatment with ORM-5029 demon-
strated single-dose activity superior to T-DMI1,
and comparable activity to Trastuzumab
Deruxtecan when given at an equivalent dose.2®
The ongoing trial phase I, first-in-human, clinical
study of ORM-5029 (NCT05511844) started to
enroll patients in October 2022 to evaluate the
safety, tolerability, and efficacy of ORM-5029
administered by intravenous infusion in patients
with HER2-expressing advanced solid tumors.
Each cohort has enrolled >3 patients with breast
cancer with at least HER2 expression of at least
1+ (HER2 low) or greater by immunohistochem-
istry or positive by in situ hybridization.3> Data
are awaited, to understand if the preclinical prom-
ising potential will translate into benefits for
patients. Another GSPTI1-directed DAC in
development is BMS-986497 (ORM 6151)
(Bristol Myers Squibb, USA, Inc., Princeton,
N]), which is composed of a CD33-targeting
antibody (OR000283) conjugated to SMol006, a
highly potent GSPT1 degrader, via a novel -
glucuronide releasable linker. ORM-6151 has
been designed for AML. In pre-clinical studies, it
has shown potent activity against CD33-
expressing cell lines and primary relapsed/refrac-
tory AML patient blasts, as well as robust efficacy
in vivo. ORM-6151 also exhibited picomolar
potency in in vitro cytotoxicity to primary
relapsed/refractory AML patient blasts, with bet-
ter potency than GSPT1-inhibitors CC-90009
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and the CD33-directed ADC Gemtuzumab 0zo-
gamicin. This suggests that the DAC technology
may enhance the activity of co-targeting with two
drugs. Moreover, ORM-6151 showed minimal
cytotoxic activity to non-cancerous hematopoi-
etic progenitor cells, with 10-10,000-fold less
toxicity than CC-90009 or Gemtuzumab.3> The
ongoing phase I trial is testing BMS-986497
(ORM-6151) in Subjects with CD33-positive
relapsed or refractory AML or myelodysplastic
syndrome (NCT06419634) and began to enroll
patients in May 2024. Orum therapeutics is cur-
rently studying other ADC-PROTAC-GSPT
degraders such as ORM 1023 which appears to
have been designed against small-cell lung cancer
and neuroendocrine tumors, and ORM-1153,
whose characteristics are not yet disclosed.

Bacterial and other “otherwise too potent for
systemic administration” toxins

Bacterial toxins as payloads introduce a novel and
highly potent mechanism for inducing cell death.
These toxins, such as exotoxins and endotoxins,
possess unique properties that can disrupt cellular
processes with high specificity and potency. These
features have been highly selected during evolu-
tion of bacterial pathogenicity. When conjugated
with antibodies, bacterial toxins can be selectively
delivered to cancer cells, thereby minimizing sys-
temic toxicity while maximizing therapeutic effi-
cacy. While broadly classified under ADCs, these
agents are formally immunotoxins, and in gen-
eral, the toxin moiety is fused, not “linked” to the
ADC backbone. The use of bacterial toxins in
ADCs capitalizes on their ability to interfere with
essential cellular functions, leading to rapid and
irreversible cell death. Antibodies conjugated to
bacterial toxins represent a fascinating aspect of
targeted cancer therapy. This specific subset of
ADC:s is defined as immunotoxin and consists of
a toxin, that is of proteic nature, conjugated to a
specific targeting fraction. The targeting compo-
nent is typically an antibody or ligand, such as a
monoclonal antibody, antibody fragment,
cytokine, or growth factor. The toxins generally
originate from plant toxins, bacterial toxins, or
cytotoxic elements derived from human sources.3°
Generally, cancer cell-killing by immunotoxins
can be summarized as the following three steps:
first, binding to the target cells, the immunotox-
in’s antigen or receptor binding domain attaches
to the corresponding antigen or receptor on the
surface of the target cells. Endosomes, lysosomes,
and the endoplasmic reticulum are crucial in

determining the fate of these molecules. However,
unlike some ADCs, protein toxins must remain
intact and evade lysosomal degradation.3” Finally,
the catalytic domain of the immunotoxin acts
within the target cells, inducing cell death either
by halting target cell protein synthesis or by acti-
vating critical apoptotic proteins. Among bacte-
ria, Diphtheria Toxin (DT) and Pseudomonas
Exotoxin A (PE) are the most common toxins
used in immunotoxin development.38

Pseudomonas aeruginosa’s toxin. PE facilitates
the transfer of ADP ribose from nicotinamide ade-
nine dinucleotide to elongation factor 2 (EF2).3°
This transfer causes irreversible modification of
EF2, rendering it inactive and resulting in cessa-
tion of protein translation and induction of cell
death through apoptosis.#? Several trials evaluated
the efficacy of PE-based immunotoxins, among
them the most important therapeutic success was
achieved by Moxetumomab pasudotox (CAT-
8015, HA22) in the treatment of hairy cell leuke-
mia (HCL). This immunotoxin is composed of a
truncated Pseudomonas exotoxin A (PE38) attached
to a high-affinity anti-CD22 fragment variable
(Fv). This compound recognizes and binds to
CD22-positive HCL cells, then transfers into the
cell and releases its toxin, leading to the apoptosis
of the target cell. Moxetumomab pasudotox was
tested in a pivotal trial evaluating 80 patients with
relapsed HCL, in which the observed complete
response (CR) rate was 41% and the overall
response rate was 75%.4! This specific trial led to
FDA approval of Moxetumomab pasudotoxin for
the treatment of patients with relapsed/refractory
HCL who have not responded to at least two prior
treatments, including a purine nucleoside ana-
log.42 However, the role of PE-based immunotox-
ins in solid tumors needs to be further explored.
Patients with solid tumors are characterized by a
more effective immune system which strongly lim-
its immunotoxin activity. With the aim to over-
come this limitation, a clinical trial evaluated the
efficacy of the combination of immune-modulat-
ing chemotherapies with SSP1, a PE-based immu-
notoxin that targets mesothelin, in patients with
mesothelioma.%? Notably, of 10 patients with che-
motherapy-refractory mesothelioma, 3 experi-
enced major tumor regressions, with 2 ongoing at
15 months, and 2 others responded to chemother-
apy after discontinuing immunotoxin therapy.**
Furthermore, a phase I clinical trial showed effi-
cacy by the intra-tumor injection of VB4-845, tar-
geting EpCam, in 20 patients with squamous cell
carcinoma of the head and neck.*> The
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immunotoxin led to complete regression in four
tumors, partial regression in six, and stabilization
in four of them. Similarly, in another trial, 11
patients with cutaneous non-melanoma cancers
were treated with intra-tumor scFv (FRP5)-ETA
immunotoxin, which targets ErbB2 (HER2/Neu).
All patients received daily treatments for 7-10 days.
Complete regression of injected tumors occurred
in four patients, and partial regression was
observed in three.*¢ In both studies, the most
common reported site effects were site edema,
redness, and pain in the injected area. Further-
more, preclinical studies evaluated the use of
immunotoxins as immunotherapy testing them in
combination with ICIs in murine models. It was
observed that immunotoxins can stimulate anti-
tumor immunity and can be used locally to pre-
pare tumors for an immune response triggered by
anti-cytotoxic T-lymphocyte-associated antigen 4
(CTLA-4). Zhang et al. obtained interesting
results in a study that evaluated an immunotoxin
targeting the prolactin receptor (PRLR),
N8-PE24, using in vivo and in vitro methods.
Exogenous or PRL overexpression cell models
were employed to investigate the role of the acti-
vated PRLR pathway in mediating tamoxifen
insensitivity. Their results highlighted the potential
role of N8-PE24 in inhibiting breast cancer cell
growth and in promoting drug sensitivity of
PRLR-positive breast cancer cells to tamoxifen
and paclitaxel.4” Of note, several trials are ongoing
with the aim of identifying the ideal combination
strategy (NCT 03258593, NCT03644550).

Corynebacterium diphtheriae’s toxin. DT is a
single chain, 62-kDa protein consisting of 535
amino acid residues that are produced by Coryne-
bactertum diphtheriae containing lysogenic beta
phage.*8 Truncated versions of DT have been
effectively utilized to create recombinant immu-
notoxins for cancer treatment.?®* DT undergoes
proteolytic cleavage outside the cell resulting in
two domains linked by a disulfide bond. After
binding to its cell surface receptor, DT is internal-
ized via clathrin-coated vesicles. The acidic envi-
ronmentin the endosome triggers a conformational
change, leading to the reduction of the disulfide
bond. This allows the toxin to insert into the endo-
some membrane, forming a channel for the enzy-
matic fragment to translocate to the cytosol. The
cell is then led to death through enzymatic ADP-
ribosylation of EF2 in the cytosol.3° DT is highly
toxic, with a single molecule of its enzymatic frag-
ment sufficient to induce cell death. Utilizing this
potency, DT-based immunotoxins have been

developed by fusing the first 388 amino acids of
the toxin to a targeting moiety, allowing for tar-
geted cancer therapy.>! Denileukin diftitox is the
first FDA-approved immunotoxin, consisting of
IL-2 fused with a truncated form of DT (DAB389),
used for treating recurrent cutaneous T-cell lym-
phoma.>? More recently, a study conducted by
Franket et al. demonstrated the efficacy of
Tagraxofusp, which is a first-in-class CD123-
directed conjugate of an amended DT platform
and recombinant interleukin 3, in patients affected
by the rare CD123-positive plasmacytoid den-
dritic cell neoplasm (BPDCN). Forty-four
patients were included and in the 29 newly diag-
nosed patients who received the 12 ug/kg/day dose,
the combined CR and CR with rescue of the
hematological peripheral blood values (CRc) rate
was 72% (95% confidence interval, 53%-87%),
with a median of 43 days (range, 14—131 days) to
response. These results led to the FDA approval of
Tagraxofusp for adult and pediatric patients aged
2years and older with BPDCN, in 2018.53 Prom-
ising results were also obtained by a bispecific
ligand-directed toxin called DT2219ARL consist-
ing of two scFv ligands recognizing CD19 and
CD22 and catalytic DT390 was genetically
enhanced for superior in vivo anti-leukemia activ-
ity. Studies demonstrated that DT2219ARL
exhibited high potency (IC50s 0.06-0.2nM
range) and its effects were selectively inhibitable.>*
An update on the phase I/II trial for hematological
malignancies with this drug has been recently
reported (on ClinicalTrial.gov: NCT02370160).
The update concerned the first 18 patients
enrolled, at two dose levels of the drug, and of the
phase II expansion, showing an overall response
rate between 41.7% and 59.5%, corresponding to
a l-year disease-free survival of 77.8%-100%,
with a relapse-free survival of 27.3-42months.
Under the safety profile, five patients in total had
serious adverse events, mostly infections and cap-
illary leak syndrome. Non-serious events included
fever, gastrointestinal and hematological toxicities,
and high rates of transaminitis. Studies are ongo-
ing in order to evaluate the efficacy and safety of
this compound in hematological malignancies.
Additionally, a novel toxin consisting of a trun-
cated form of DT and a HER3-binding affibody
domain showed promising results; preclinical evi-
dence could potentially offer a new treatment ave-
nue for HER3-positive cancer thanks to its ability
to specifically bind to HER3-positive cells.?>

a-Amanitin. Maleimide-amanitin conjugates are
a promising area of research in cancer therapy,
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particularly as components of ADCs.>¢ Amanita
phalloides, known for causing fatal mushroom poi-
soning, contains the toxin o-amanitin, which
inhibits RNA polymerase II and I, reducing over-
all transcription levels within cells and killing cells
regardless of their proliferative state. Additionally,
o-amanitin is not enzymatically degraded and
demonstrates good stability in plasma, lacks
immunogenicity; o-amanitin-based ADCs are
currently in development, with preclinical studies
being conducted on various tumor models. Of
note, in 2012, Moldenhauer et al.>” developed a
new compound conjugating a-amanitin to the
anti-EpCAM antibody chiHEA125, thus creating
chiHEA125-Ama; they conducted in vivo and in
vitro experiments demonstrating interesting
results in inhibiting proliferation of EpCAM-
expressing cancer cell lines. Moreover, o-
amanitin-conjugated trastuzumab (T-Ama) was
developed and tested for HER2-low breast can-
cer, particularly HER2-low triple-negative breast
cancer (TNBC). According to data from The
Cancer Genome Atlas and the Molecular Taxon-
omy of Breast Cancer International Consortium,
heterozygous loss of 17p occurs in 51.6% of
breast cancer patients, including 41.9% in TNBC.
On the basis of this data, T"Ama was tested in
vitro in 17p loss TNBC cell lines with low HER2
expression, demonstrating higher cytotoxicity and
extended survival than ado-trastuzumab emtan-
sine (T-DM1).57 In contrast, no improvements in
terms of tumor growth inhibition or overall sur-
vival rates were observed in those 17p intact/
HER2-low cell lines,’” suggesting a selective
effect. In recent times, a-amanitin was also evalu-
ated in FGFR1-positive tumors, conjugated with
Monomethyl auristatin E and FGF2 dimer, dem-
onstrating promising activity in preclinical mod-
els with a potential role of FGF2 as an alternative
antibody-targeting carrier.5® Moreover, encourag-
ing findings were observed in multiple myeloma
testing HDP-101 which conjugates o-amanitin
with an anti-B-cell maturation antigen.>® This
study emphasizes the therapeutic potential of
HDP-101 in treating multiple myeloma. The spe-
cific targeting of this ADC, along with the strong
cell-killing effect of a-amanitin, which operates
regardless of the cell cycle, underscores the prom-
ise of this ADC for further investigation.>®

Photoimmunotherapy

Photoimmunotherapy (PIT) is a recently devel-
oped application of ADC technology for cancer
treatment which uses light-activable payload dyes

conjugated to tumor-specific antibodies to medi-
ate selective cytotoxicity.?* Specifically, near-
infrared photoimmunotherapy (NIR-PIT) is a
phototherapy based on the employment of
ADCs employing a near infrared sensitive pay-
load, such as silicon-phthalocyanine derivative
IRdye700DX(IR700). Subsequent local expo-
sure to NIR electromagnetic radiation triggers
photochemical membrane rupture and immuno-
genic cell death. This mechanism is highly target
selective, causing few side effects and allowing
rapid healing.’ Cetuximab sarotalocan is com-
posed of cetuximab, a monoclonal antibody
directed against the epidermal growth factor
receptor, conjugated to previously mentioned
IR700. Its potential use as a NIR-PIT ADC agent
is under investigation for the treatment of locally
advanced head-and-neck squamous cell cancer in
clinical trial INCT03769506).

Other conjugate-based therapies

WTX212. A growing category of conjugate thera-
pies now includes alternatives to traditional anti-
body-based treatments, such as Erythro-Drug
Conjugates like WTX212.%0 These therapies uti-
lize engineered red blood cells conjugated with
therapeutic agents, such as the anti-PD-1 inhibi-
tor pembrolizumab. The natural biological func-
tions of red blood cells facilitate targeted
distribution of pembrolizumab within spleen tis-
sue, subsequently activating T cells. This mecha-
nism suggests that WITX21260-61 may address the
challenge of acquired resistance to immunother-
apy. The ongoing clinical trial NCT05707325 is
a first-in-human study evaluating the efficacy of
WTX212 in patients with advanced solid tumors
and refractory lymphomas. Data presented at
the American Society of Clinical Oncology 2024
conference indicated that, among the seven
patients with metastasized solid tumors, five
achieved disease control, resulting in a disease
control rate of 71%. These results confirm the
potential of Erythro-Drug Conjugates to
enhance the efficacy of immunotherapeutic
approaches and overcome resistance in several
types of cancer.

BMS-986288. Another new class of ADCs
includes those linked to immunotherapeutic
agents to alter their pharmacodynamics, such as
BMS-986288, which is based on a modified ver-
sion of ipilimumab.2 BMS-986288 is composed
of a probody, a modified ipilimumab variant, tar-
geting the human T-cell receptor CTLA-4 linked
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to a proprietary masking peptide that conceals the
active antigen-binding site of the antibody
through a protease-cleavable linker, thereby offer-
ing potential immune checkpoint inhibitory and
antineoplastic activities.®> The ongoing clinical
trial NCT03994601 is evaluating the efficacy of
BMS-986288, both as a monotherapy and in
combination with nivolumab, in patients with
selected advanced solid cancers.%?

Mirzotamab clezutoclax. Mirzotamab clezutoclax
(Mirzo-C; ABBV-155) is an anti-B7-H3 mono-
clonal antibody conjugated to a BCL-XL inhibi-
tor payload. Preclinical studies have shown that
targeting BCL-XL can enhance the effects of
other anticancer treatments. Data from the Japa-
nese cohorts in the phase 1 study (posted on
ClinicalTrial.gov: NCT03595059) were reported
for Mirzo-C as monotherapy or in combination
with paclitaxel. Among 16 patients receiving
Mirzo-C, 7 in the monotherapy group and 9 in
the combination therapy group, the median treat-
ment duration was 78 and 56 days, respectively.
The most common side effects were elevated lev-
els of aspartate aminotransferase (57%) in the
monotherapy group and anemia (56%) in the
combination therapy group. No dose-limiting
toxicities or fatal side effects were reported. Sta-
ble disease was observed in 57% of monotherapy
patients and 44% of combination therapy patients,
while 43% and 56%, respectively, experienced
disease progression. No complete or partial
responses were observed.

Extracellular-drug conjugates. An extracellular-
drug conjugate (EDC) differs from most ADCs
in that it requires no internalization. Rather,
EDCs target cell surface proteins that are
expressed on a target cell, while the cytotoxic
agent Kkills the targeted cells by affecting a pro-
tein or an enzyme that is different from the pro-
tein or enzyme bound by the mAb but that is
closely associated with the target protein or
enzyme.

Cardiac glycosides as anticancer agents. Car-
diac glycosides, also known as cardiotonic ster-
oids, selectively inhibit Na+/K+ ATPase and have
long been used to treat cardiac congestion and
several types of arrhythmias. Preclinical evidence
suggested they might also play a role in cancer
treatment, as these compounds typically inhibit
cancer cell proliferation at nanomolar concentra-
tions.%* However, there is evidence that their anti-
proliferative effects may not be selective for tumor

growth and could result from these compounds’
ability to kill human cells at lower concentrations
than rodent cells. After multiple clinical trials,
no significant benefit in clinical terms was found
for any of these compounds in the setting of can-
cer treatment. A major reason for these has been
suggested to be their narrow therapeutic index.
Research was then set out to determine whether
these safety limitations could be overcome with
precise targeting treatment through the use of
EDC technology.

EDCTand EDC9. EDCI is a novel type of ADC
which binds and inhibits the Na+/K+ ATPase
on the surface of cancer cells expressing dysad-
herin—a cancer-associated cell membrane glyco-
protein, through the action of CEN-106n, a novel
steroidal glycoside, leading to cell swelling and
death.%5 A 2017 study has shown showed selec-
tive inhibition of growth in thyroid cancer cells
with moderate to high expression of dysadherin at
nanomolar concentrations, thus warranting fur-
ther investigation. EDCO is a rituximab-steroidal
glycoside conjugate currently in preclinical stages
of development. It has shown promising activity
in primate models.%®

Immunosuppressive ADC

CD184-DASATINIB. Recent advances have extended
the ADC strategy to other therapeutic areas,
including immunosuppression. A notable example
is the CD184-dasatinib ADC, which innovatively
targets the selective delivery of kinase inhibitors
beyond cancer treatment.®” Dasatinib, a well-
established kinase inhibitor, has been clinically
utilized for the treatment of BCR-ABL-dependent
chronic myelogenous leukemia. Its mechanism of
action involves the inhibition of multiple tyrosine
kinases, including those in the Src family such as
Lck and Fyn.% These kinases are integral to T-cell
receptor signaling, and their inhibition suggests a
potential role for dasatinib as an immunosuppres-
sive agent. However, dasatinib’s lack of selectivity
across various kinases results in significant off-
target effects and severe side effects, thus limiting
its broader clinical application. CD184-dasatinib
seeks to mitigate these limitations through tar-
geted delivery. It is based on a humanized anti-
body which selectively binds with high affinity to
CXCR4, an antigen that is selectively expressed
on hematopoietic cells, nonspecifically conjugated
to dasatinib derivatives. Employing the ADC strat-
egy, dasatinib can be selectively delivered to
humanT cells.®
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Radioimmunoconjugates

Radioligands represent another innovative class of
ADC payloads, combining the precision of anti-
body targeting with the cytotoxic power of ionizing
radiation.  Radioligand-conjugated  antibodies
deliver radioactive isotopes directly to tumor cells,
enabling localized radiation therapy that spares
surrounding healthy tissue. This approach offers a
dual mechanism of action, where the antibody
component provides specificity, and the radioli-
gand delivers lethal doses of radiation to induce
DNA damage and apoptosis. The development of
radioligand ADCs holds the potential for treating
cancers that are resistant to conventional therapies,
or to potentiate active systemic therapies.
Radioimmunoconjugates, monoclonal antibodies
linked to a radionuclide, have the potential to be
theranostic tools, that is, to couple diagnostic, can-
cer mapping, and treatment capacity at once.
Radiolabeled antibodies can be employed for both
diagnostic and therapeutic purposes in scintigra-
phy imaging and radioimmunotherapy (RIT),
respectively.’%’! Some radionuclides commonly
used for labeling mAbs for both therapeutic and
diagnostic purposes include the alpha-emitters
actinium-225 (??%5Ac), astatine-211 (?!!At), bis-
muth-213 (?13Bi) and lead-212 (312Pb), the beta-
emitters yttrium-86 (8°Y), yttrium-90 (°°Y),
lutetium-177 (177Lu), zirconium-89 (8°Zr), the
gamma-emitters indium-111 (111In), iodine-123
(123]), iodine-124 (124]), iodine-131 (13!I), techne-
tium-99m (*°mTc), the positron-emitters (beta+)
copper-64 (°*Cu) and gallium-68 (68Ga).”2
Therapeutic radionuclides can be classified on the
basis of their mode of decay into Alpha-particles
emitters, Beta-particles emitters, and Non-
energetic particles emitters. Beta-negative particles
are electrons emitted from a neutron in a decaying
nucleus. They have low linear energy transfer
(LET) and low range. They have historically been
the most common option for RIT. Alpha-particles,
consisting of two protons and two neutrons bound
together, have higher energies, higher LET, and
very short path lengths.” Some of the most actively
studied alpha emitters are 225actinium, 2!2lead, and
2llggtatine.”* Radioimmunoconjugates have dem-
onstrated utility in both tumor detection and ther-
apy, and can be combined with conventional
treatments to enhance the therapeutic efficacy of
monoclonal antibodies (mAbs). Additionally,
mADb radioconjugates serve as imaging theranos-
tics, enabling real-time antigen quantitation, detec-
tion of heterogeneity, and dynamic changes in
antigen expression. These capabilities are crucial
for guiding and monitoring therapeutic responses,

as well as for drug development, providing critical
information on mAb pharmacokinetics, patient
selection, and required therapeutic doses. While
RIT has shown therapeutic efficacy in hematologi-
cal malignancies, similar benefits have not yet been
observed in solid tumors, representing a primary
challenge for future research. Currently, to our
knowledge all approved radiolabeled mAbs for
RIT employ radionuclides that mostly undergo
Beta-decay. 90Y-ibritumomab tiuxetan (90Y-IT)
was the first radiolabeled mAb for RIT to receive
FDA approval in hematologic malignancies in
February 2002 for the treatment of CD20-positive,
relapsed or refractory (R/R), low-grade, or follicu-
lar B-cell non-Hodgkin lymphoma, expanded in
2009 to include patients with previously untreated
follicular non-Hodgkin lymhpoma who had
achieved a partial or CR to first-line therapy. 90Y-
IT is composed of three main components: a
CD20-targeting antibody (ibritumomab), a metal
ion chelator and linker (tiuxetan), and the previ-
ously mentioned radionuclide Yttrium-90 (°°Y).7>
Similarly, !3!'I-tositumomab an anti-CD20 mAb
regimen, received FDA approval in June 2003 for
the treatment of CD20-positive relapsed/refractory
follicular NHL..7> Alpha emitters also are currently
used in clinical practice. Following the success of
the ALSYMPCA trial?® in prolonging overall sur-
vival in patients with bone metastases, alpha-emit-
ting radionuclides have gained significant attention
as potential treatments for solid tumors, particu-
larly in the settings prostate cancer and neuroen-
docrine tumors, as well as hematological
malignancies. Because of ADC ability to selectively
delivering radionuclides, many pharmaceutical
companies and academic institutions have started
Target Alpha-Therapy trials.”* However, TAT
poses some unique challenges and risks in its clini-
cal application, and some concerns must be
addressed for their clinical implementation.

Discussion

With the advent of precise cell-directed delivery
strategies, the potentials of cancer treatments have
incredibly expanded. ADCs have redefined the
concepts of treatment approach and targetability,
showing that cancer cells’ antigens can become
entry points for virtually any active compounds,
and usually regardless of the actual antigen expres-
sion. While a minimum quantity—a so-called quan-
tum (6)—may still be required to trigger biological
activities, novel ADCs exerting bystander effects
may overcome such this problem and be effective
by proximity on antigen-negative cancer cells. With
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the current paradigm of ADC development, how-
ever, the chemo-compounds utilized are usually
directed toward classic targets of the systemic
chemotherapy, resulting in cross-resistance. To
overcome such a clinical unmet need, novel pay-
loads have been developed and conjugated to
ADC-like molecules. The intent is usually similar,
a la Paul Ehrlich: “corpora non agunt nisi fixata”
(meaning “to be effective, you need to deliver tar-
geted agents within cancer cells”). As such, having
the availability of broader potential can expand the
anticancer effect, while optimizing the opportunity
to sequence ADCs and combine as exerting syner-
gistic, non-overlapping effects. Initial promising
approaches have been directed toward the innate
immune, including TLR- and STING-directed
molecules, delivered with ISACs. The problem
with innate immunity is that nowadays it remains
insufficiently specific for cancer often resulting in
unacceptable immune dysregulation and immune-
related toxicity. As of now, these agents are broadly
unsafe for clinical use. Importantly, ISACs can also
be directed toward the immune-specific axis, via
tumor-specific immune activation or engagement,
and even with immune-suppression (for hemato-
logical malignancies). More interestingly, ADCs’
targetability potentials can be duplicated when they
are conjugated to novel targeted agents such as
PROTAC:S. These molecules are molecular disrup-
tors, which can target multiple cellular drivers of
the cancer growth, including so-called “undrugga-
ble” targets. With the combination of ADC and
PROTAC, the antineoplastic effect can be tremen-
dously tailored and directed toward key mecha-
nisms, as opposed to being chemo-like non-specific,
cytotoxic approaches. Perhaps, with the double
ADC-PROTAC compounds, much of the systemic
toxicities of the classic ADCs may be spared,
through better selectivity and more elegant mecha-
nisms of action. Surely, leveraging highly potent
toxins preserved during phylogenesis of bacteria,
plants, and yeasts is appealing: these toxins are usu-
ally unacceptably toxic for use as systemic agents in
cancer treatment and would result in fatal out-
comes. However, their combination with highly
selective Trojan horses may represent the key for
the future of cancer treatment. We reported that
two of such compounds are FDA approved, one
from Pseudomonas and the other DT's. The caveats
of these agents are in the bacterial, “non-self”
nature of the compounds, which may require engi-
neering optimization to avoid immune adverse,
severe reactions. The landscape of radioconjugates
is probably worthwhile a separate dissertation
because it is expanding to an unprecedented level,

as of now. We displayed an overview of the portfo-
lio, which is rich and attracts interest for the thera-
nostic potential beyond the “see and treat” classic
approach of nuclear medicine, exploring the more
articulated paths of precision medicines. Similarly,
radioconjugates are now being intended as added-
on to cancer therapies, or to be combined with each
other, including to enhance the anticancer effects
through alpha, and beta emissions. Perhaps, time
for reconciliation of those radiations, so far kept
very separate. Interestingly, no ADC aimed at
improving safety and tolerability of chemothera-
peutic treatment has been found in our research.
This could be due to the “magic bullet” concept,
the main driving idea behind development of ADCs
and other target therapies. We think the idea of a
drug with a “magic shield,” skipping healthy cells
and/or arming them with the means to survive sys-
temic cytotoxic therapy is also a concept worth
exploring. Antibody—drugs conjugates could pro-
vide a way to explore such opportunities by selec-
tively binding to antigens downregulated in cancer
and delivering compounds antidotal to concomi-
tant systemic cytotoxic or target therapeutic agents.

Conclusion

Overall, with the advent of new payloads, and
their conceptualization as targeted agents, and
not only as chemotherapy compounds passively
transported to cancer cells, but ADCs are also
becoming co-starring. Probably, the future of
ADC:s is intrinsically linked to innovations of pay-
loads, expecting to transform the landscape. Now
that ADCs per se are in saturation, plateauing
phase spreading in all disease areas—payload
research will be transformative to eventually
result in more active, more precise ADC technol-
ogy—and ultimately, patient-improved clinical
benefits. Perhaps a “magic shield,” in addition to
a “magic bullet,” could be a way toward opti-
mized cancer treatments.
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