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An armed antibody or antibody–drug conjugate (ADC) is a vectorized chemotherapy, which results from the grafting of a

cytotoxic agent onto a monoclonal antibody via a judiciously constructed spacer arm. ADCs have made considerable

progress in 10 years. While in 2009 only gemtuzumab ozogamicin (Mylotarg ) was used clinically, in 2020, 9 Food and

Drug Administration (FDA)-approved ADCs are available, and more than 80 others are in active clinical studies. This

review will focus on FDA-approved ADCs, their limitations including their toxicity and associated resistance mechanisms,

as well as new emerging strategies to address these issues and attempt to widen their therapeutic window. Finally, we will

discuss their combination with conventional chemotherapy or checkpoint inhibitors, to allow ADCs to get a little closer to

the magic bullet imagined by Paul Ehrlich at the beginning of the 20th century.
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1. Introduction/History

Antibody–drug conjugates (ADCs) have made considerable progress in 10 years. ADC is a vector-based chemotherapy

that allows the selective delivery of a potent cytotoxic agent within a tumor. An ADC results from the generally stochastic

grafting of a cytotoxic agent onto a monoclonal antibody (mAb) via a judiciously constructed spacer arm . This is a

complex mixture of immunoconjugates with different DLD (drug loading and distribution) and DAR (drug-to-antibody ratio,

corresponding to the number of cytotoxics grafted onto the mAb) . In 2009 gemtuzumab ozogamicin (Mylotarg ) was the

only ADC approved by the Food and Drug Administration (FDA) and 12 other candidates were in clinical studies . At

present, 8 other ADCs have been approved and more than 80 others are in active clinical studies, including 6 in phase III

or pivotal phase II (Table 1) . More than 50 candidates have also been abandoned in the clinic mainly for toxicological

reasons or because of a lack of efficiency. ADCs targeting solid tumors are currently making a satisfactory breakthrough in

the clinic. Until November 2019, only Kadcyla had an indication in solid tumors. With the late 2019 FDA-approval of both

Padcev  and Enhertu , and Trodelvy  in April 2020, there are currently four FDA-approved ADCs directed against solid

tumors. The other five ADCs are indicated in hematological cancers and are generally considered to be easier to target

with ADCs. In addition, ADCs in the advanced clinical phase are mainly directed against solid tumors (four against solid

tumors; two directed against lymphomas).

Table 1. Antibody–drug conjugates (ADCs) approved by the Food and Drug Administration (FDA).

Company ADC (Cytotoxic) Isotype and
Target

Indication/Approval Date (Trade Name)/Clinical
Status

Pfizer gemtuzumab ozogamicin (CAL) IgG4 CD33 2000–2010/2017 AML (Mylotarg )

Seattle
Genetics brentuximab vedotin (AUR) IgG1 CD30 2011 ALCL and Hodgkin lymphoma (Adcetris )

Roche trastuzumab emtansine (MAY) IgG1 HER2+
2013 metastatic HER2+++ breast cancer

(Kadcyla ) *

Pfizer inotuzumab ozogamicin (CAL) IgG4 CD22 2017 ALL and CLL (Besponsa )

Roche polatuzumab vedotin (AUR) IgG1 CD79b 2019 DLBCL (Polivy )

Seattle
Genetics enfortumab vedotin (AUR) IgG1 Nectin 4 2019 urothelial cancer (Padcev ) *

Daiichi Sankyo trastuzumab deruxtecan (EXA) IgG1 HER2+
2019 metastatic HER2+++ breast cancer

(Enhertu ) *

Immunomedics sacituzumab govitecan (IRI) IgG1 TROP-2 2020, metastatic TNBC (Trodelvy ) *
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Company ADC (Cytotoxic) Isotype and
Target

Indication/Approval Date (Trade Name)/Clinical
Status

GSK belantamab mafodotin (AUR,
MMAF) IgG1afuc BCMA 2020, multiple myeloma (Blenrep )

* ADC targeting solid tumor.

In 2009, calicheamycins, auristatins and maytansinoids were the main classes of cytotoxics used for ADC development.

Ten years later, these same molecules are still used among other payloads optimized for better stability and hydrophilicity.

New classes of cytotoxics have also been developed (PBDs, duocarmycins and camptothecin derivatives). In 10 years,

considerable progress has been made in antibody engineering to allow more site-specific conjugation, to improve the

homogeneity and the stability of the constructions and to bring 2nd and 3rd generation ADCs to the clinic in the hope to

broaden the therapeutic index (ratio of the median lethal dose (LD ) to the median effective dose (ED )) . Several

dozen bioconjugation technologies based on cysteine residues, non-natural amino acids or patterns introduced by

molecular engineering have been proposed in preclinical studies . Finally, more tumor specific antigenic targets and

optimized release mechanisms of the cytotoxic agent within the tumor have led to the development of more performant

ADCs .

This review will focus on FDA-approved ADCs as well as their limitation including their toxicity and associated resistance

mechanisms. We will describe new emerging strategies to deal with these issues, including 3rd generation molecular

constructions, the choice of alternative vectors, innovative delivery systems and combinations of ADCs with conventional

chemotherapy or immune checkpoint inhibitors.

2. Design, Mechanism of Action and Therapeutic Indications of FDA-
Approved First- and Second-Generation ADCs

The development of immunoconjugates in oncology has enabled the emergence of two key elements necessary to ensure

the success of an ADC. The first concerns the need of a linker between the mAb and the payload. This mAb-linker-

payload system was first designed with a cleavable linker (Figure 1) assumed to be stable under physiological conditions

during plasma circulation, and quickly cleaved after tumor cell endocytosis, in order to selectively deliver the payload in

the tumor and limit the appearance of undesirable side effects due to off-target toxicities. This type of linker is sensitive to

lysosomal conditions (proteases, acidity and a reducing medium). The second key element for an ADC is correlated with

the necessity to have a powerful cytotoxic agent grafted to the antibody .

Figure 1.  Schematic representation of the first and second generation FDA-approved ADCs: Mylotarg , Adcetris ,

Kadcyla , Besponsa , Polivy  and Padcev .
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2.1. Mylotarg , Besponsa  and the First-Generation Cleavable Linker

Mylotarg  (Gemtuzumab ozogamicin) was approved by the FDA in 2000 for acute myeloid leukemia (AML) .

Mylotarg  results from the conjugation of calicheamycin, a powerful DNA-cleaving agent  with low nanomolar activity,

onto gemtuzumab, a mutated anti-CD33 IgG4, via a cleavable linker including an hydrazone bond (Figure 1). This ADC,

with an average DAR of 1.5, is a complex mixture with around 50% of unconjugated mAb . After ADC internalization,

the hydrazone bond can be hydrolyzed in the endosomal acidic environment to release a precursor of calicheamycin,

which then undergoes a reduction by glutathione to the free active calicheamycin. The latter binds to the DNA minor

groove and undergoes a Bergman cyclization, which generates a highly reactive diradical causing sequence-selective

double-strand cuts (Scheme 1).

Scheme 1.  Mylotarg   or Besponsa   mechanism of action: (1) binding to the specific antigen (Ag), followed by

internalization of the ADC-Ag complex through a clathrin-dependent mechanism; (2) transfer to endosomes; (3) the acid-

sensitive hydrazone of the linker is cleaved in early endosome and lysosome; (4) transfer of pro-calicheamycin into the

lysosome; (5) cleavage of the disulfide bridge to give calicheamycin then (6) transfer of calicheamycin into the cytoplasm

and (7) transfer of calicheamycin into the nucleus. (8) Alternatively to 7, transfer of calicheamycin into the cytoplasm then

(9) diffusion of calicheamycin into neighboring cancer cells to obtain a cytotoxic bystander effect and (10) all the previous

steps lead to cell death.

Theoretically, hydrazones should be stable in blood circulation at physiological pH and undergo selective hydrolysis after

internalization in more acidic conditions (respectively pH 5.0–6.5 in endosomes and pH 4.5–5.0 in lysosomes).

However, the Mylotarg  linker exhibits a certain instability, leading to premature release of calicheamycin in plasma

circulation , explaining its highly toxic profile and its subsequent voluntary withdrawal by Pfizer in 2010.

Mylotarg  benefited from the knowledge accumulated in the clinic in recent years to be reapproved by the FDA in 2017,

used at lower doses, with a modified administration schedule and for a different patient population.

A similar linker was developed and used to graft calicheamycin onto inotuzumab, a mutated anti-CD22 IgG4, leading to

Besponsa  (inotuzumab ozogamicin, Figure 1), approved by the FDA in 2017 against acute lymphoblastic leukemia (ALL)

.

2.2. Kadcyla  and the Notion of Second Generation Non-Cleavable Linkers

Given these findings, alternative strategies for the design of linkers were necessary to continue the development of ADCs.

Thus, Immunogen teams have focused on the use of linkers for the conjugation of maytansine derivatives and

incorporating a delivery system using a glutathione-sensitive disulfide bond . These innovative chemically labile linkers

were intended to allow controlled release in the presence of glutathione (GSH), the cytoplasmic concentration of which in

cancer cells is approximately 1000 times higher than in plasma.
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In addition, the careful positioning of two methyl groups neighboring the disulfide bond enabled control of the release

kinetics . Thus, the high concentration of reducing molecules in the tumor should have guaranteed a selective release

of the payload in the tumor environment but not in the circulation. This type of linker has not yet led to an ADC approved

on the market.

However, a serendipitous finding allowed Immunogen to identify an unexpectedly effective ADC. The conjugation of DM1

onto the lysine residues of anti-HER2 IgG1 trastuzumab via a non-cleavable heterobifunctional thioether linker containing

an N-hydroxysuccinimide ester (succinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate or SMCC) led to

Kadcyla  (T-DM1 or Ado-trastuzumab emtansine, Figure 1), which was approved by the FDA in 2013 . This new ADC

was observed in vitro to be very potent in a HER2-positive breast cancer model, the original structure being active only

after internalization and complete enzymatic digestion of the ADC in the lysosome, to obtain the active metabolite lysine-

MCC-DM1 (Scheme 2).

Scheme 2. Kadcyla  mechanism of action: (1) binding on its specific HER2 Ag, followed by internalization of the T-DM1-

HER2 complex by a clathrin-dependent mechanism; (2) transfer to the endosome then (3) to the lysosome; (4) complete

trastuzumab digestion to release the active metabolite, LYS-MCC-DM1 and (5) transfer into the cytoplasm. (6) due to its

charge at the physiological pH, the active metabolite is unable to cross the cell membrane, therefore it does not elicit any

bystander killing effect, and transfer to tubulin. (7) All the preceding steps lead to HER2-positive cancer cell death.

Following this discovery, several observations can be highlighted: (i) the metabolite lysine-MCC-DM1 retains the cytotoxic

potential of free DM1, allowing the corresponding ADC to reach an in vitro activity in the picomolar range; (ii) this ADC

exhibits no bystander killing effect due to the charged nature of its active metabolite at physiological pH; (iii) an ADC with

a non cleavable linker can target only Ag-positive cells and (iv) this ADC has a limited toxicity on normal tissues and is

more stable during circulation than an ADC with a cleavable linker.

2.3. Adcetris , Polivy  and the Second-Generation Cleavable Linker

In parallel, Seattle Genetics has designed its own linker technology allowing the bioconjugation of dolastatin derivatives

(such as monomethyl auristatin E or MMAE) onto the cysteine residues of an anti-CD30 IgG1 to produce Adcetris  (SGN-

35 or brentuximab vedotin, Figure 1) . After mild and partial reduction of the interchain disulfide bridges, the anti-

CD30 mAb (cAC10) was bioconjugated to a cleavable heterobifunctional maleimide linker. This maleimidocaproyl-valine-

citrulline-p-aminobenzyloxycarbonyl linker includes a valine-citrulline peptide trigger (ValCit) sensitive to lysosomal

cathepsin B and a para-aminobenzyl alcohol (PAB) as a self-immolative spacer (SIS) allowing the release of MMAE after

internalization in CD30-positive tumor cells.

Adcetris  was approved by the FDA in 2011 and for the treatment of anaplastic large cell lymphoma and Hodgkin’s

lymphoma. After CD30-dependent ADC internalization, followed by degradation of the cleavable linker, the released

MMAE can destroy the targeted cell and diffuse across the plasma membrane to reach and kill the neighboring cancer

cells. This phenomenon is called the bystander killing effect  and allows the released MMAE to kill CD30-positive

and CD30-negative tumor cells (Scheme 3) . By corollary, the bystander killing effect explains the particular in vivo
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efficacy of Adcetris  in patients treated for heterogeneous lymphomas. Recently, Neri and his team demonstrated that the

linker ValCit-PAB used in this ADC can also be cleaved before internalization , helping to dispel the dogma stipulating

that an ADC must target an internalizing antigen  to be relevant.

Scheme 3. Adcetris , Polivy  or Padcev  mechanism of action: (1) binding to a specific Ag, followed by internalization of

the ADC-Ag complex according to a clathrin-dependent mechanism; (2) transfer to the endosomes then (3) to the

lysosomes; (4) linker cleavage in the lysosomes takes place between the peptide sequence (ValCit) and the self-

immolative spacer (PAB); (5) transfer of MMAE into the cytoplasm; (6) MMAE can also be released before internalization,

then (7) enter the targeted cell (or a nearby tumor cell) and (8) intracellular or extracellular MMAE release is followed by

tubulin targeting. In parallel to 8, (9) diffusion of another MMAE in neighboring tumor cells not targeted by the ADC to

obtain a bystander killing effect and (10) all the previous steps lead to tumor cell death.

Similarly, this second generation linker (mc-VC-PAB, Figure 1) was used to conjugate MMAE onto polatuzumab, an anti-

CD79b IgG1, leading to Polivy  (polatuzumab vedotin-piiq, Figure 1), approved by the FDA in June 2019 in combination

with bendamustine-based chemotherapy and rituximab, to treat adult patients with diffuse large B-cell lymphoma (DLBCL)

.

We also found the same linker-drug (Figure 1) in enfortumab vedotin-ejfv, an ADC resulting from a stochastic

bioconjugation on the cysteine residues of an IgG1 targeting Nectin 4, developed by Seattle Genetics, currently in a

pivotal phase 2 clinical study . On 16 July 2019, a BLA (Biologics License Application) for this ADC was submitted to

the FDA for possible accelerated marketing for patients suffering from metastatic urothelial cancer and previously treated

with anti-PD1/PDL1 antibodies. Enfortumab vedotin-ejfv was finally approved by the FDA as Padcev  in late December

2019.

3. Toxicity

The use of highly toxic ADCs has changed the paradigm of immunotherapy directed against tumor antigens, with limited

side effects regarding the level of expression of the targeted antigen. Indeed, the two most used antibodies, rituximab

directed against CD20 and trastuzumab directed against Her2, both have a toxicity profile allowing them to be combined

with conventional chemotherapy agents without redundant toxicity. In the case of ADCs, the situation is different, because

certain side effects are similar to some of those induced by conventional cytotoxic agents used in chemotherapy, while

others are specific to the conjugates themselves. The occurrence of these side effects, sometimes severe, is partly

explained by the uncontrolled release of the highly cytotoxic drug in the circulation, responsible for off-target toxicity. In

addition, the IgG1 isotype of some of these ADCs can engage the Fc-gamma receptors (FcgR), which can trigger a target-

independent, FcgR–dependent internalization in FcgR-positive cells resulting in toxic effects on these untargeted healthy

cells. The development of these agents, either as monotherapy or in combination, has therefore proven to be complex.

Mylotarg  (gemtuzumab ozogamicin) can perfectly illustrate this statement. In 2004 a randomized study comparing a

conventional treatment with an arm combining Mylotarg  was stopped prematurely due to an increased mortality rate in

the latter. In 2010 Mylotarg  was withdrawn from most markets. However, study 0701 by the Acute Leukemia French
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Association (ALFA) showed that the fractionation of the administration into three doses improved both survival without

events and overall survival without significant additional toxicity, in particular on the hepatic level . The case of

Mylotarg  is interesting for many reasons, it shows the difficulty of identifying a dose regimen to obtain a satisfactory

therapeutic index, and the need not to abandon the development of an ADC after exploring only a single dose regimen.

In another case, Brentuximab vedotin (Adcetris ), directed against CD30, was approved for the treatment of certain forms

of lymphoproliferative syndromes expressing CD30 including Hodgkin’s disease. The cytotoxic drug of this ADC is the

vedotin (monomethyl auristatin E, MMAE), a powerful antitubulin agent. This ADC has a strong antitumor activity in

monotherapy, in anaplastic large cell lymphomas (ALCL) and refractory Hodgkin’s diseases (NCT00848926) .

However, Adcetris , as monotherapy, has been associated with potential severe peripheral neuropathies, neutropenia and

thrombocytopenia, classic side effects of antitubulin agents.

Certain toxicities (e.g. bone marrow toxicity) observed with immunoconjugates are expected since the conjugates target

either tubulin and the mitotic spindle (auristatins and maytansinoids) or DNA (calicheamycin and PBD). On the other hand,

several side effects (including ocular toxicities or radionecrosis ), which are not observed with standard cytotoxic

agents, have been reported. A better understanding and management of these unexpected toxicities will be essential for

optimal use of these agents.

4. Mechanisms of resistance to ADCs

The mechanism of action of ADCs at the level of the tumor targeted cell comprises of several stages: binding to the

antigen, internalization, release of the conjugate (mainly in the lysosome), release of the conjugate into the cytoplasm and

then binding to the molecular target of the conjugate inducing cell death by apoptosis. Each of these steps can be

involved in resistance as suggested by several preclinical works on cell lines or in animal models: (i) downregulation of the

targeted antigen  and/or defects in binding, internalization, trafficking or recycling of the antibody, (ii) defective

lysosomal degradation of the ADC or reduced expression of lysosomal transporters such as SLC46A3 , leading to

lower release of the payload in the cytosol, (iii) alterations of tubulin or microtubule dynamics modulators  or (iv)

reduced drug retention within the cell by upregulation of multidrug resistance transporters like MDR1 .

The clinical relevance of these various potential resistance mechanisms remains to be demonstrated. Indeed, it is

complex to have access to tumor samples immediately before the initiation of treatment with ADC and then during the

relapse following such treatments. Finally, in the context of therapeutic combinations, it can be complex to discern the

mechanisms of resistance to ADCs from those of the other administered compounds. Despite this, the observations made

on preclinical models raise interesting avenues for the analysis of resistance to ADCs in humans.

5. New strategies in Development: Third-Generation ADCs

Many ADCs, in clinical development or in clinical use, are based on a complete internalizing IgG format, targeting an Ag

with an extremely high overexpression rate, and are conjugated to tubulin polymerization inhibitors using stochastic

bioconjugation techniques . In addition, cleavable linkers are known to be unstable during plasma circulation, while

hydrophobic linkers are associated with a higher aggregation propensity. However, ADCs based on a complete IgG are

associated with tumor penetration issues in stroma rich tumors  and are recycled by the neonatal Fc receptor (FcRn)

leading to an undesirable distribution in the endothelium and the liver, responsible for undesirable side effects. Moreover,

after internalization, ADCs effectiveness is based on favorable intracellular trafficking to reach the lysosome, where their

degradation will allow controlled drug release. However, this strategy has several limiting factors. Firstly, an ADCs

internalization capacity is intimately correlated with the high expression of surface Ag (for example, CD30 and HER2) ,

which explains why these ADCs using conventional tubulin polymerization inhibitors (for example, auristatins and

maytansinoids) do not show cytotoxic activity on cells with low antigenic expression. Very powerful drugs (for example,

pyrrolobenzodiazepine (PBD) dimers) have been developed to overcome these limitations, but the corresponding ADCs

have a limited therapeutic index, particularly in solid tumors. Secondly, internalizing ADCs, including Kadcyla , induce

tumor resistance by several mechanisms. In fact, disturbances concerning internalization, trafficking or recycling of mAb,

Ag shedding and defective lysosomal degradation of ADCs lead to a reduced drug release into the cytosol, thus

compromising ADCs efficacy . There is therefore today an important need to develop new technologies

concerning bioconjugation techniques (leading to homogeneous ADCs), the vector format (antibodies or fragments), the

linker (release mechanism) or the drug (new mechanism of action).

The development of first and especially second-generation ADCs has been associated with many dogmas, which many

studies have considered as rules to follow in order to develop ADCs with better chances of success. Among these

dogmas, we can cite targeting of an Ag not expressed in a ubiquitous manner, with a high overexpression level and
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internalizing, in particular to allow the intracellular release of the cytotoxic via a well-designed linker. The cleavable linker

should be more stable than those sensitive to an acidic or reducing medium. The cytotoxic must have a potency at least

like auristatins and maytansines to be used in ADC. Finally, the only format of interest for the antibody was IgG to

guarantee a long half-time life and possibly the conservation of the effector activity from the parent mAb to the ADC.

Among the last ADC approvals by the FDA, GSK designed the ADC belantamab mafodotin (GSK2857916) by

stochastically bioconjugating MMAF via a non-cleavable maleimide linker on an afucosylated IgG1 targeting BCMA

(Figure 2). GSK2857916 has successfully finished a pivotal phase II clinical study against multiple myeloma , for

patients whose disease has progressed despite prior treatment with an immunomodulatory agent, proteasome inhibitor

and anti-CD38 antibody. Following a biologics license application (BLA) filled early in 2020, Blenrep  has just been

approved by the FDA as well as by the EMA, as a first-in-class anti-BCMA therapy against multiple myeloma.

Figure 2. Formula of Blenrep  (belantamab mafodotin-blmf), an anti-BCMA antibody conjugated to MMAF via a non-

cleavable linker.

Recent ADCs combine several innovations, among the target, format, release system, cytotoxic action mechanism and

various bioconjugation techniques. In a disconcerting manner, despite the development of many technologies allowing a

site-specific bioconjugation of a mAb to result in a more homogeneous ADC with an improved therapeutic index (10 in

clinical study and more than 40 in preclinical), none of them has yet been validated by the approval of a homogeneous

ADC.

Despite Ag specific targeting, ADCs are sometimes associated with high toxicity, specific or not to their target. This toxicity

is linked to several mechanisms leading to the uncontrolled early release of the potent payload carried by the ADC outside

the tumor. Unfortunately, in 2019, the ADCs area of research has not yet found the magic bullet that Paul Ehrlich dreamed

of at the start of the 20th century. Given this observation, some companies have successfully turned to the development

of original ADCs using less potent cytotoxic agents than MMAE or DM1, with new mechanisms of action to fight resistance

to tubulin polymerization inhibitors. These ADCs also have release systems that are not necessarily specific for

intracellular conditions and target original or unconventional targets.

For example, Immunomedics designed Sacituzumab govitecan (IMMU-132, Figure 3), an anti-TROP-2  mAb

conjugated to SN-38 (the active metabolite of irinotecan) via a cleavable maleimide linker (acidity) with a short pegylated

unit . The FDA-approval of this ADC was delayed and reached in April 2020, after a second BLA (biologics license

applications) process was necessary to solve certain CMC issues following a successfully carried out phase III study. The

accomplishment of this ADC is all the more impressive since it is indicated in refractory or resistant triple negative breast

cancer (TNBC) against which there was no treatment until the FDA-approval of Trodelvy  in April 2020 . Another

interesting feature of this ADC: the optimization of the linker structure including a pegylated unit led to this ADC with a high

DAR of 7.6 , without compromising its tolerance or efficiency. DAR 4 has long been considered as optimal, but this

statement is now only true for the known approved ADCs with a second generation linker carrying DM1 or MMAE as the

payload. IMMU-132 is a very interesting case study demonstrating that the optimal DAR of an ADC will depend on many

parameters, mainly the hydrophilic nature of the linker and the grafted payload.
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Figure 3. Trodelvy (sacituzumab govitecan or IMMU-132) formula, ADC with a DAR 7.6, resulting from anti-TROP-2

antibody conjugation to SN-38 via an acid-sensitive cleavable linker.

Similarly, in order to conjugate an irinotecan derivative with a meticulously designed linker, the Japanese company Daiichi

Sankyo developed DXd (exatecan or DX-8951). DXD is a cytotoxic agent 10-fold more active than SN-38 in vitro on

cancer cells. DXD has a better safety profile with an optimized solubility, able to elicit a bystander killing effect  to kill

neighboring cancer cells, which is an advantage in the heterogeneous tumor, but with a short half-life to avoid off-target

toxicity. Bioconjugation of DXd onto the anti-HER2 trastuzumab cysteine residues via a maleimide linker sensitive to

proteolysis made it possible to obtain the conjugate fam-trastuzumab deruxtecan-nxki (DS-8201a) with a homogeneous

DAR of 7.7 (Figure 4) . Despite its high DAR, Daiichi Sankyo’s DS-8201a was very well tolerated in rats and

monkeys, and very stable in plasma (2.1% of DXD release after 21 days of incubation, in comparison to the release rate

of T-DM1, which was 18.4% after only 4 days, despite the use of a non-cleavable linker). The use of a high DAR

compound is remarkable as it contradicts the widely established principle that high DAR conjugates are unlikely to be

good candidates due to poor pharmacokinetic profiles. These achievements were possible after testing many linkers. The

chosen enzyme-sensitive linker encompasses a tumor-selective GGFC cleavable linker and an amino methylene SIS with

a reduced hydrophobicity and a better plasma stability in comparison to the classical PAB SIS. Once DS-8201a is

internalized, its linker is selectively cleaved by lysosomal proteases after the GGFG sequence to release a temporary

DXD hydrolysate, which SIS amino-methylene is subsequently hydrolyzed to ammonia and formaldehyde to free DXD,

triggering cell death.

Figure 4. Enhertu  (fam-trastuzumab deruxtecan-nxki or DS-8201a) formula, ADC with a DAR 7.7, resulting from anti-

HER2 trastuzumab conjugation to exatecan DX-8951 via a linker sensitive to proteolysis.

While Kadcyla  (T-DM1) is known to have in vitro efficacy only against HER2-positive cells with a high HER2 expression

level, DS-8201a was effective in the pancreatic Capan-1 cell line with low HER2 expression and in the T-DM1 refractory

JIMT-1 HER2-positive breast cancer cell line. With a DAR of 8 and a payload able to elicit the bystander killing effect, DS-

8201a can effectively deliver DXD in a heterogeneous tumor in vivo and exhibit a high therapeutic effect . DS-8201a

was successfully tested against T-DM1 in a phase III clinical study in metastatic HER2-positive breast cancer last year.

Enhertu  was finally approved by the FDA in late December 2019.

6. Indications of ADCs

6.1. Combinations with Conventional Chemotherapy

Many studies are currently exploring combinations of Adcetris  or Kadcyla  with conventional chemotherapy. The

objective may be here to replace an antitubulin agent with an ADC coupled with an antitubulin agent and likely to cause

less toxicity, for example by replacing vincristine by Adcetris  in the treatment of certain lymphomas (NCT01777152). This

could be particularly useful in fragile patients or those whose comorbidities preclude the use of conventional agents.

Another objective may be to strengthen the activity of an established combination whose mechanism of action is different.

As an example, Adcetris  is used with a combination of cisplatin, dexamethasone and cytarabine for the treatment of

Hodgkin’s disease .

6.2. Adjuvant, Maintenance or consolidation Treatments

A growing number of patients are in remission from their cancers by a first line treatment, nevertheless without being in

complete remission or cured. Several situations currently require adjuvant treatment (when the disease is not detectable)

or maintenance (when the patients are in partial response). Kadcyla  has thus shown its superiority over trastuzumab, its

unconjugated equivalent, in the randomized study KATHERINE (NCT01772472) as an adjuvant treatment in patients

retaining residual breast or lymph node disease after neoadjuvant treatment with a decrease in 50% of the risk of local
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recurrence or death . It is likely that other pathologies, in which maintenance treatment with naked mAbs have already

proven their effectiveness, such as certain types of malignant lymphomas for example, can also benefit from the

administration of ADC following a first line treatment.

6.3. Combinations of ADC and Immune Checkpoint Inhibitors

The value of combining cytotoxic chemotherapy with immune checkpoint inhibitors (ICPI) such as anti-PD1 and anti-PDL1

is currently the subject of numerous clinical studies . In addition to the complementary mechanisms of action, the

possibility of increasing the immunogenicity of tumors through immunogenic death induced by chemotherapy constitutes a

strong argument for the association of certain cytotoxic agents with immunotherapies. The combination of ADC with ICPIs

therefore appears to be a logical step, especially in patients who are already heavily pretreated and who want to avoid the

systemic toxicity of chemotherapy. A phase 1/2 study of the combination of Adcetris  and nivolumab, an antibody directed

against PD1, in patients with relapsed or refractory Hodgkin’s disease showed a response rate of 82%, including 61%

complete responses . These results were then confirmed in the Checkmate 205 study with responses in more than two

thirds of the patients .

In general, ADCs have been shown to be effective in relapses and more recently in adjuvant situations in HER2-positive

breast cancer. The positioning of these agents in the future will depend on several factors including the importance of the

advantages brought compared to conventional chemotherapy (either in terms of toxicity or antitumor activity), the

available therapeutic alternatives and the cost of patient care. ADCs are still a recent family of compounds. The approved

agents are based on highly toxic payloads with mechanisms of action similar to those of conventional cytotoxic

chemotherapy. The development of new ADCs based either on conventional agents such as sacituzumab govitecan, an

antibody whose conjugate is the active metabolite of irinotecan  or on payloads with the original mechanisms of action,

could also have a significant impact on the clinical use of ADC.

7. Conclusions and Perspectives

ADCs represent today a recent success of an old approach in chemotherapy targeting cancer. The classic internalizing

ADCs currently used in clinics are designed to specifically deliver powerful cytotoxic agents to the targeted Ag (+) cancer

cells, to eliminate only Ag (+) cancer cells (non-cleavable linker) or all tumor cells including both Ag (+) and Ag (−) cancer

cells (cleavable and cytotoxic linker, rather hydrophobic). Over the past decade, ADCs have been improved by the choice

of better cytotoxic agents, bioconjugation methodologies, better chosen targeted antigens and optimized antibody

engineering.

However, despite their sophisticated design, ADCs are still associated with several limitations (for example, limited solid

tumor penetration and toxicity) and the emergence of resistance mechanisms. To overcome these limitations, new

antibody formats, new delivery systems, non-internalizing antigenic targets, new cytotoxic agents and site-specific

bioconjugation methods have been studied to advance the development of ADCs. Unfortunately, many innovations have

not yet been validated for use in clinical protocols, since the resulting ADCs are still in a preclinical or clinical study, and a

small number have reached pivotal clinical phase II or phase III.In conclusion, this field of research offers many

encouraging prospects, especially when ADCs are combined with conventional chemotherapy or checkpoint inhibitors, in

order to better potentiate their effects. In the last decade, the search for novel targets and the use of judiciously chosen

payloads, with a well-designed release mechanism, have successfully opened the ADC field of applications. Hopefully,

this research may allow forsaken drugs from the past to shine again as new conjugated drugs with better pharmacological

profiles and efficacy, and allow ADCs to get a little closer to the magic bullet imagined by Paul Ehrlich at the beginning of

the 20th century.
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