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         Introduction 

 The function of a linker in an ADC is to covalently connect its effector moiety, the 
cytotoxic drug, with its targeting moiety, the antibody. A conjugate, following its 
binding to the target cell surface antigen and uptake, degrades in the tumor cell with 
the release of an active cytotoxic moiety, often called a metabolite. Depending on 
the design of the linker, this metabolite may consist of either the cytotoxic drug in 
its original form or that agent with some or all of the linker attached. Linkers are 
intended to provide suf fi cient stability to keep the ADC intact during formulation, 
storage, and in circulation following administration to the patient and yet allow for 
ef fi cient (i.e., with a high enough yield and fast enough) release of an active, cyto-
toxic moiety in the tumor. In addition, recently some linkers have been designed to 
overcome multidrug resistance. 

 Several types of linkers have been developed that take advantage of differences 
between the extracellular and intracellular environments, so that the release of the 
active cytotoxic moiety would happen only following the antigen-mediated inter-
nalization of the ADC into a tumor cell. (1) Disul fi de-containing linkers are used in 
ADCs to exploit the abundance of intracellular thiols, which can facilitate the cleav-
age of their disul fi de bonds. The intracellular concentrations of the most plentiful 
intracellular thiol, reduced glutathione, are typically in the range of 1–10 mM  [  1  ] , 
which is about 1,000-fold higher than that of the most abundant low-molecular thiol 
in the blood, cysteine, at about 5  m M  [  2  ] . The thiol group in serum albumin, which 
has a relatively high concentration in the blood of ~0.6 mM  [  3  ] , is buried and relatively 
inaccessible to thiol–disul fi de interchange  [  4  ] . The intracellular enzymes of the pro-
tein disul fi de isomerase family  [  5  ]  may also contribute to the intracellular cleavage 
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of the disul fi de linkers. (2) Hydrazone linkers, which undergo acid-catalyzed 
hydrolysis, are used with a goal of remaining intact in the near-neutral pH environ-
ments in circulation and other extracellular compartments and be cleaved in the 
acidic environments of the late endosomes and lysosomes  [  6  ] . (3) Peptide-based 
linkers are designed to be cleaved via peptide bond hydrolysis catalyzed by lyso-
somal and, possibly, by endosomal or cytoplasmic proteases  [  7  ] . Conjugates with 
non-cleavable linkers may also be considered belonging to this category, since the 
antibody moiety of the ADC undergoes proteolysis inside the cell, presumably in 
lysosomes, releasing the cytotoxic moiety attached to the linker and the single 
remaining amino acid derived from the antibody  [  8  ] . 

 In the conjugates now in clinical development, two main approaches have been 
used to attach the linkers to the antibody: (1) conjugation with thiol groups of 
cysteine residues in the antibody that are generated by reduction of interchain 
disul fi de bonds and (2) conjugation with amino groups of surface lysine residues. 
These approaches will be covered below. In addition, new approaches to engineer-
speci fi c sites of modi fi cation, such as introduced cysteine residues, are also being 
evaluated  [  9  ] . 

 In this chapter, we will review various ADC linkers that have been reported and 
the effects of these linkers on the properties of the resulting ADCs. A separate 
chapter in this volume discusses the intracellular metabolism of ADCs with alterna-
tive linkers.  

   Linker Structures and Preparations of Antibody–Drug 
Conjugates 

 This section describes the structures of linkers and conjugates that have been 
reported for the various ADCs in clinical and advanced preclinical programs. To 
prepare ADCs, reactive functional groups are incorporated in the cytotoxic moiety 
and the antibody molecule for facile conjugation with a linker in aqueous conditions 
compatible with antibody. Other design requirements for ADCs include a relatively 
water-soluble cytotoxic moiety and use of heterofunctional reactive groups in the 
cytotoxic moiety and the antibody to minimize the formation of cytotoxin–cytotoxin 
and antibody–antibody conjugates. Several types of linkers have been used to make 
ADCs, including non-cleavable linkers, and cleavable linkages, such as disul fi de, 
cleavable peptide, and hydrazone. 

   Non-cleavable Linkers 

 Thioether is the linkage that is most commonly used in non-cleavable linkers. It is 
prepared by the conjugation of a thiol group on the cytotoxic compound or the anti-
body with the maleimide or haloacetamide group on antibody or cytotoxic moiety, 



1197 Linker Technology and Impact of Linker Design on ADC Properties

respectively. Figure  7.1  shows the structures of representative thioether non-cleavable 
linkers, which include the SMCC–DM1 linkage (also known as MCC–DM1) 
formed by reaction of  N -succinimido 4-( N -maleimidomethyl)cyclohexane-1-
carboxylate (SMCC) with DM1 employed in the trastuzumab emtansine (T-DM1) 
conjugate  [  10  ]  and the mc–MMAF linkage, maleimidocaproyl–monomethyl 
auristatin F, employed in the anti-CD70–mc–MMAF conjugate  [  11  ] . Both types of 
ADCs are currently in clinical trials.  

 The trastuzumab–SMCC–DM1 conjugate is prepared by the modi fi cation of 
lysine amino groups on the antibody with the  N -hydroxysuccinimide ester reactive 
moiety on the heterobifunctional linker SMCC. This linker also bears a maleimide 
reactive group, which is conjugated with the thiol-containing maytansinoid, DM1. 
The trastuzumab–SMCC–DM1 conjugate bears approximately 3.5 maytansinoid 
molecules per antibody molecule. In target cells, the intracellular cytotoxic metabo-
lite of antibody–SMCC–DM1 is lysine–SMCC–DM1  [  12  ] . An analogous linker 
where the hydrophobic cyclohexane moiety of SMCC was replaced by a hydro-
philic tetraethylene glycol (PEG 

4
 ) group which results in a hydrophilic link between 

the antibody and the payload (Fig.  7.1 ) enhances the potency of the conjugate 
against pgp-expressing multidrug-resistant cancer cells  [  13  ] . The intracellular 
metabolite derived from the PEG 

4
  thioether-linked conjugate is lysine–PEG 

4
 –DM1, 

which is more hydrophilic than the lysine–SMCC–DM1 metabolite. Another 
conjugation format has been reported where a cysteine-engineered antibody (termed 
Thiomab) bearing two nonnative cysteine groups introduced into speci fi c locations 
on the heavy chain is conjugated with the thiol of DM1 using a PEG 

4
 -containing 

bis-maleimide (1,11-bis-maleimidotetraethyleneglycol)  [  9  ] . 
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 The maleimidocaproyl–monomethyl auristatin F (mc–MMAF) conjugate contains 
a thioether linkage derived from conjugation with cysteine residues generated by 
reduction of native, interchain disul fi de bonds in the antibody  [  14  ] . Conjugates 
bearing an average of 4 and 8 MMAF molecules per antibody molecule have been 
prepared  [  14  ] , and the anti-CD70–mc–MMAF conjugate in clinical development 
has an average of about four MMAF molecules per antibody molecule  [  11  ] . In lyso-
somes of target cells, the cysteine-linked mc–MMAF conjugate is processed to the 
cysteine-linker-MMAF metabolite  [  14  ] .  

   Cleavable Disul fi de Linkers 

 A number of antibody–maytansinoid conjugates with sterically hindered disul fi de 
linkers are undergoing clinical evaluation for an array of cancers. The disul fi de 
linker designs shown in Fig.  7.2  incorporate increasing steric hindrance of methyl 
groups on carbon atoms adjacent to either side of the disul fi de linkage. For a simple 
abbreviation, the hindered disul fi de conjugates are denoted by the number of methyl 
groups on the antibody side and the cytotoxic agent side, respectively, for example, 
the SPP–DM1 conjugate with monomethyl hindrance on the antibody side and no 
hindrance on the cytotoxic agent side is abbreviated as 1:0, and the SPDB–DM4 
conjugate with no hindrance on antibody side and double methyl hindrance on cyto-
toxic agent side is abbreviated as 0:2. The rate of cleavage via thiol/disul fi de 
exchange of the different hindered disul fi de linkages was  fi rst analyzed in vitro 
using dithiothreitol. The results showed that the 2:2 hindered conjugate was reduced 
at a rate more than 22,000-fold slower than the unhindered 0:0 conjugate (Fig.  7.2b ). 
The disul fi de cleavage rate of the 0:2 hindered SPDB–DM4 conjugate (or the 2:0 
hindered conjugate) was about 20-fold slower than that of the 0:0 conjugate, whereas 
the 1:2 hindered conjugate was reduced at a rate about 1,000-fold slower than that 
of the 0:0 conjugate. The relative rates of reduction of the hindered disul fi de conju-
gates observed with dithiothreitol in vitro were similar to their relative plasma sta-
bilities in mice  [  15  ] .  

 The cytotoxicity in vitro of conjugates made with these diverse disul fi de linkers 
was similar in antigen-expressing cells and comparable to the cytotoxicity of the 
non-cleavable SMCC–DM1 conjugate, presumably due to their ef fi cient lysosomal 
processing. A large difference, however, was observed among the in vivo activities 
of the hindered disul fi de-linked conjugates in tumor xenograft studies. In an in vivo 
study using anti-CanAg maytansinoid conjugates in COLO 205 xenografts (which 
express CanAg homogenously on all cells) and HT29 xenografts (which express 
CanAg heterogeneously, only on a fraction of cells), the 0:2 SPDB–DM4 conjugate 
was the most active. Its activity was greater than that of the 0:1 conjugate, which in 
turn was greater than that of the 1:0 or 2:0 conjugate. The even more hindered 1:1 
and 1:2 conjugates were, however, less active than the 1:0 and 0:2 conjugates. The 
greater in vivo activities of the less hindered conjugates could be explained by their 
bystander cytotoxic activities  [  15,   16  ] , stemming from the abilities of their metabolites 
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DM4 and DM3 and their  S -methylated forms to diffuse from target cancer cells in 
which the conjugates were processed into neighboring tumor cells, irrespective of 
whether the latter express the target antigen or not, thus enhancing the antitumor 
activity of the conjugate  [  16,   17  ] . In an in vivo study targeting anti- a  

v
  integrin in 

HT29 and A549 xenograft models, the activity trend observed was 0:2 > 1:0 > 1:2 
 [  18  ] , similar to that observed in the anti-CanAg antibody/COLO 205 test system. 
Both the anti-CanAg conjugate made with the non-cleavable SMCC–DM1 linker 
and the anti- a  

v
  integrin conjugate made with the highly hindered 1:2 disul fi de linker 

were not active, consistent with the predicted lack of the bystander activities of 
conjugates made with slowly cleavable or uncleavable linkers  [  15  ] .  

   Cleavable Peptide Linkers 

 Figure  7.3  shows the structures of valine–citrulline (often denoted as val–cit or vc) 
dipeptide-containing protease-cleavable linkers employed in clinical-stage ADCs 
with both microtubule-targeting (MMAE) and DNA-targeting (a duocarmycin analog) 
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effector molecules. The vc–MMAE linker contains a valine–citrulline dipeptide and 
a self-immolative  p -aminobenzyloxycarbonyl linkage (PABC). Upon endosomal 
traf fi cking of the ADC via the lysosomal route, cleavage of the val–cit peptide by 
lysosomal proteases releases PABC–MMAE that undergoes self-immolation at the 
PABC site, further releasing the cytotoxic MMAE molecule that has potential 
bystander effect on neighboring tumor cells  [  19,   20  ] . The anti-CD30–vc–MMAE 
conjugate currently in clinical testing has an average of about 4 linked MMAE mol-
ecules per antibody molecule, derived from the reduction of native interchain 
disul fi de bonds to cysteine and its conjugation with maleimide-containing mc–
MMAE  [  20  ] . Cysteine-engineered antibodies (Thiomabs) have been conjugated 
with mc–MMAE to generate ADCs with two MMAE molecules per antibody mol-
ecule  [  21  ] . The duocarmycin analog is an esterase-cleavable prodrug that is attached 
via a val–cit linker to the antibody. Following esterase-catalyzed cleavage, the prod-
rug converts into a DNA alkylator (Fig.  7.3b ).   
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   Acid-Cleavable Hydrazone Linkers 

 The hydrazone linkage is designed to be hydrolyzed in the acidic environment of the 
endosomes. Two types of hydrazone-linked DNA-targeting cytotoxic effector con-
jugates currently (or formerly) in the clinic are shown in Fig.  7.4 . The highly potent 
DNA-alkylating  N -acetyl- g   

1
  I  -calicheamicin is linked via an acid-cleavable hydra-

zone linkage to antibodies targeting CD33, MUC1, and CD22, of which the CD22 
conjugate is currently in clinical trials  [  22  ] . Antibody–calicheamicin conjugates 
were prepared using the  N -hydroxysuccinimide ester of  N -acetyl- g -calicheamicin 
dimethyl hydrazide 4-(4 ¢ -acetylphenoxy)butanoic acid, which reacts with lysine 
residues on the antibody with an average incorporation of 5–7 calicheamicin mole-
cules per antibody molecule. The acid-hydrolyzable 4-(4 ¢ -acetylphenoxy)butanoic 
acid hydrazone linker contains a disul fi de linkage, which needs to be metabolically 
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cleaved to release the thiol form of calicheamicin. The latter undergoes a Bergman 
cyclization reaction generating a  p -benzyne biradical that causes sequence-speci fi c 
double-stranded DNA cleavage in target cancer cells. Another hydrazone-linked 
ADC in clinical testing consists of the cytotoxic agent doxorubicin conjugated to an 
anti-CD74 antibody  [  23  ] . The doxorubicin containing 4-( N -maleimidomethyl)
cyclohexane-1-carboxyhydrazide is conjugated to cysteine residues in the antibody 
generated by interchain disul fi de reduction, with an average incorporation of 6–8 
doxorubicin molecules per antibody molecule.    

   Stability of ADCs with Various Linkers in Circulation 
and Tissues 

 The pharmacokinetics of immunoconjugates from the bloodstream is controlled by 
two concurrent phenomena, clearance of the intact immunoconjugate from circula-
tion and release (cleavage) of the cytotoxic effector moiety from the antibody in the 
circulation and during the diffusion of the conjugate through tissues from the blood-
stream to the tumor cells. The former process has been reviewed previously  [  24  ]  
and is also covered in a separate chapter of this volume. Here, we will focus on the 
effects of the linker on the rate of decrease of the cytotoxic drug per antibody ratio 
(DAR) while the immunoconjugate is in circulation or on its way from circulation 
to the tumor site. 

 Linkers are designed to hold the conjugate together in circulation for a reason-
ably long period of time (days) and stable enough not to cleave upon conjugate 
exposure to tissues on its way from circulation to the tumor while allowing rapid 
release of the cytotoxic linker in its active form following uptake of the conjugate 
by the target cell.    The accomplishment of these objectives is complicated by sev-
eral factors: (1) a variety of proteases are present in extracellular matrix, interstitial 
 fl uids, on extracellular surface of plasma membranes, and in the blood (although 
the latter are mostly present as proenzymes)  [  13,   17,   25,   26  ] ; some of these enzymes 
may, in principle, degrade the antibody moiety or cleave the linker if it contains a 
peptide bond; (2) the thiol groups of cysteine and serum albumin which are present 
in the bloodstream (see above), and of cell surface protein disul fi de isomerase  [  5  ] , 
may contribute to the cleavage of disul fi de-containing linkers; (3) acid-sensitive 
linkers that cleave at a suf fi cient rate at pH 5–6 in endosomal or lysosomal com-
partments in cancer cells will also hydrolyze at neutral pH, for example, just ten-
fold slower at pH 7 than pH 6; and (4) while in the bloodstream, antibodies 
continuously recirculate in and out of endothelial cells  [  8  ] , and as discussed above, 
while in the endosome, conjugates are exposed to low pH which may enhance 
hydrolysis of acid-labile linkers, glutathione which may cleave the disul fi de bond 
of the linker, and, possibly, to proteases which may cleave peptide bonds of the 
linker or degrade the antibody. The relative importance of each of these mecha-
nisms is at present unclear. 
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 A variety of linkers have been designed to keep the conjugate intact in the 
circulation while affording the release of the cytotoxic effector moiety inside the 
target cell. These linkers have been described above in more detail: the acid-labile 
hydrazone functionality  [  2,   27,   28  ] , lysosomal-protease-cleavable dipeptide-containing 
linkers  [  5,   29  ] , thiol-labile hindered (to a varying degree) disul fi de, and non-cleavable 
thioethers. Among antibody–maytansinoid conjugates connected by disul fi de-
containing linkers, a strong correlation was found between the degree of their steric 
hindrance, resistance to thiol-mediated cleavage in vitro, and the relative role of 
cleavage in circulation in mice  [  15  ] . The two disul fi de linker-maytansinoid combi-
nations used in conjugates in clinical development, SPP–DM1 and SPDB–DM4, were 
found to release maytansinoids from the ADC slowly in circulation in mice, with 
the half-degradation periods 1  of 2.4 and 6.9 days, respectively  [  15  ] . The trastu-
zumab–SMCC–DM1 conjugate linked via the non-cleavable thioether was found to 
be stable in circulation in preclinical studies in mice with the half-life being longer 
than 7 days  [  10  ]  and similarly stable in patients  [  30  ] . The plasma stability of a 
thioether-linked MMAF conjugate, bromoacetamidocaproyl–MMAF (bc–MMAF), 
was found to be better than that of the maleimidocaproyl–MMAF (mc–MMAF) in 
circulation in mice  [  31,   32  ] , despite the fact that both conjugates have nominally 
non-cleavable linkers (Fig.  7.1 ). It appears that the reaction between cysteine thiol 
of antibody and maleimido group of mc–MMAF can be slowly reversed in circula-
tion  [  31  ] . An auristatin dipeptide-linked immunoconjugate (valine–citrulline–
MMAE) was reported to be stable with a linker half-life of 6 days and 9.6 days in 
circulation of mice and cynomolgus monkeys, respectively  [  33  ] . 

 There is another phenomenon, in addition to the linker cleavage, that may 
contribute to the apparent decrease in the DAR value of an ADC in circulation. 
ADCs typically consist of mixtures of species with different DAR values  [  34  ] , and, 
in principle, conjugates with different DAR values may have different circulation 
lifetimes. Indeed, it was found that the clearance rate of an antibody–auristatin con-
jugate depended on its DAR. An anti-CD30–vc–MMAE conjugate preparation was 
separated using hydrophobic interaction chromatography into fractions containing 
conjugates with approximately two, four, and eight cytotoxic drugs per antibody 
(E2, E4, and E8, respectively), and the blood clearance rates of these conjugates and 
of the nonconjugated antibody were investigated in mice. E2 and E4 fractions 
cleared with rates only modestly faster than that of the nonconjugated antibody, but 
E8 cleared dramatically faster  [  35  ] . In contrast, anti-CD70–mc–MMAF conjugates 
bearing 4 and 8 MMAF molecules per antibody were reported to have similar clearance 
rates, with terminal half-lives of 12.8 and 14.1 days in mice, respectively  [  11  ] . One 
caveat here is that interpretation of the terminal half-life of an ADC may, some-
times, re fl ect the behavior of only a small fraction of initially injected material, not 
representative of the bulk conjugate. From an unusually low  C  

max
  reported in Table 

   1   Half-degradation period is de fi ned as the period of the twofold decrease of the average 
DAR value.  
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S1  [  11  ]  for the dose injected (in our experience with maytansinoid ADCs, 
approximately threefold lower than a typical  C  

max
 ), this may well be the case. Then, 

since according to  [  35  ] , the conjugate with high DAR would clear faster than that 
with low DAR, the remaining material might consist mostly of the latter, irrespec-
tive of what the initial DAR was.  

   Effect of Linker Design on the Extent of the Cytotoxicity 
of ADCs Toward Bystander Cells 

 In addition to killing antigen-positive cells, some ADCs also kill other cells in their 
vicinity, irrespective of whether these neighboring cells express the antigen or not, 
a phenomenon that was termed “bystander cytotoxicity” or “bystander effect”  [  16  ] . 
For example, antibody–maytansinoid conjugates linked via a reducible disul fi de-
bond-containing linker have the bystander effect, whereas similar conjugates linked 
via a non-reducible thioether link exhibited no bystander killing  [  15,   16,   36  ] . We 
found that the ability of a given conjugate to induce bystander killing depends on 
the nature of the maytansinoid derivative(s) into which it is converted inside the 
target cell. Lysosomal proteases proteolytically degrade the antibody and release 
maytansinoid attached to the linker which is attached to lysine  [  12  ] . The newly 
formed maytansinoid-linker-lysine derivatives diffuse into cytoplasm where they 
target microtubules, leading to mitotic arrest and cell death  [  37  ] . The maytansinoid-
thioether linker-lysine is the terminal metabolite of thioether-linked conjugates, 
whereas maytansinoid-disul fi de linker-lysine is further metabolized to the may-
tansinoid thiol, which either remains free or is  S -methylated  [  12  ] . The cytotoxicity 
of these maytansinoid metabolites, prepared as synthetic compounds, was tested 
in vitro. The maytansinoid-linker-lysine derivatives were found to be only modestly 
cytotoxic, presumably due to their hydrophilicity, which likely inhibited their diffu-
sion across the plasma membrane into the cell, while lipophilic maytansinoid thiols 
and  S -methyl maytansinoid compounds were highly cytotoxic, implicating the latter 
in the bystander killing  [  12,   17  ] . 

 We found that the degree of the bystander cytotoxicity of a given antibody–
maytansinoid conjugate depended on the steric hindrance of maytansinoid thiol 
derivatives. The in vitro bystander activity of conjugates of the hindered maytansi-
noids DM3 or DM4 was found to be superior compared to those of the conjugates 
of unhindered DM1  [  15  ] . This can be explained by the higher reactivity of the DM1 
thiol compared to the DM3 thiol or the DM4 thiol in disul fi de interchange with 
cystine, with the likely enhanced formation of a hydrophilic, poorly cytotoxic mixed 
disul fi de (cysteine-DM1). In addition, the thiols of DM3 and DM4 are readily 
 S -methylated inside the cell, forming stable, lipophilic, and highly cytotoxic 
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 S -methyl maytansinoid compounds  [  17  ] . The thiol of DM1 appears to be a poor 
substrate for such  S -methyl transferase activity in cancer cells  [  17  ] . 

 There is some evidence that these phenomena are not limited to ADCs made with 
maytansinoids and that lipophilicity of metabolites of other cytotoxic agents released 
from their respective ADCs may also affect the degree of the bystander activity of 
these ADCs. A conjugate of an anti-CD30 antibody with auristatin MMAE linked 
via protease-cleavable linker containing valine–citrulline dipeptide is metabolized 
to a lipophilic auristatin derivative  [  19  ]  and induces potent bystander killing  [  20  ] . 
A conjugate of the same antibody with auristatin MMAF linked via a non-cleavable 
linker is metabolized to a hydrophilic auristatin derivative, which has only modest 
cytotoxicity  [  14  ] , and therefore is presumably incapable of the bystander killing. 
A disul fi de-linked conjugate of the CC1065 analog DC1 induced a prominent 
bystander effect, while a similar “non-cleavable” conjugate of DC1 did not kill 
bystander cells  [  16  ] , most likely because the former was metabolized to a lipophilic 
compound, while the latter to its hydrophilic lysine derivative. 

 The bystander cytotoxicity can enhance the potency of ADCs against solid 
tumors. Many tumors express the target cell surface antigen in a heterogeneous 
fashion and consist of a mixture of antigen-positive and antigen-negative cancer 
cells  [  38,   39  ] . Our experiments with heterogeneous xenograft tumors in mice 
suggest that ADCs that induce the bystander effect may be more effective in eradi-
cating such tumors  [  16  ]  than ADCs that lack this activity. ADCs that induce 
bystander effect may also be more potent in eradicating solid tumors that express 
the target antigen homogenously. Poor and nonuniform penetration of antibodies 
into tumors has been reported  [  40–  42  ] , and some cells within the tumor might be 
relatively inaccessible to ADCs due to the barriers to macromolecule delivery and 
their slow diffusion. The small cytotoxic molecules released from ADCs inside such 
tumors may be able to penetrate the solid tumors deeper than the antibodies, killing 
additional cells. In addition, the bystander activity may effect local damage to the 
tissues involved in supporting tumor growth, such as endothelial cells and pericytes 
of the tumor neovasculature, or tumor stromal cells. 

 The bystander effect may add a degree of nonselective killing activity to the target-
cell-restricted cytotoxicity of ADCs. Potentially, this could be a drawback if normal 
cells in tissues surrounding the tumor are affected. This potential collateral toxicity 
might, however, be well tolerated if it is limited only to a small number of cells in the 
immediate proximity of the tumor tissues. Indeed, if active cytotoxic metabolites are 
released from an accessible cancer cell, the concentration of the released cytotoxin 
will decrease with distance from the cancer cell (assuming no barriers to free diffusion 
of the small molecule compounds), and because of this concentration gradient, only 
the proximal bystander cells are likely to be exposed to the concentration of the cyto-
toxic agent suf fi cient for cell killing. Also, the potential toxicities contributed by the 
bystander effect to normal tissues might be mitigated by the inherent insensitivity of 
nondividing cells to some cytotoxic compounds, including DNA- and microtubule-
targeting agents, in particular, maytansine  [  43,   44  ] .  
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   Effect of Linker Design on Activity of ADCs Against 
Multidrug-Resistant Cells 

 Multidrug resistance (MDR) of cancers is one of the main reasons for clinical failures 
of chemotherapies. Overexpression of ATP-dependent drug transporters MDR1, 
MRP1, and BCRP is the best studied and the most commonly observed mechanisms 
of cancer-related MDR  [  45  ] . A majority, if not all cytotoxic drugs that are currently 
used in ADCs, are substrates of at least one of these three transporters. For example, 
all three transporters effectively mediate ef fl ux of anthracyclines, such as doxoru-
bicin  [  45  ] , and accordingly, immunoconjugates of doxorubicin are ineffective in 
killing MDR cell lines  [  46  ] . MDR1  [  47  ] , and to a lesser degree MRP1  [  48  ] , 
mediates ef fl ux of the enediyne antibiotic calicheamicin used in gemtuzumab ozo-
gamicin. MDR1 mediates ef fl ux of taxanes  [  45  ] , dolastatin 10  [  49  ] , and CC-1065 
 [  50,   51  ] . Recently, it was reported that MDR1 mediates resistance of cancer cells to 
maytansinoids and antibody–maytansinoid conjugates, while MRP1 and BCRP do 
not  [  13,   52  ] . 

 Since MDR1 favors hydrophobic substrates  [  53  ] , we developed linkers that con-
tained either a polar or a negatively charged group and used these linkers in anti-
body–maytansinoid conjugates with the hope that the conjugates would escape 
MDR1-mediated ef fl ux and would be able to kill MDR1-expressing cells. A polar 
ethylene glycol tetramer (PEG 

4
 ) was incorporated into a thioether-containing 

non-cleavable linker. The observed ADC metabolite, lysine-PEG 
4
 Mal-DM1, was 

retained inside MDR1-expressing cells better than the lysine–SMCC–DM1 metab-
olite from an analogous SMCC-linked conjugate  [  13  ] , and in accord, PEG 

4
 Mal-

linked conjugates had a greater antimitotic and cytotoxic potency in vitro against 
MDR-expressing cells and a greater antitumor activity against MDR1-expressing 
xenograft tumors in mice  [  13  ] . To enhance the potency of disul fi de-linked conju-
gates against multidrug-resistant cells, a negatively charged sulfonate group was 
added to the SPDB linker (sulfo-SPDB linker). The sulfo-SPDB-linked conjugate 
was more potent than an analogous SPDB-linked conjugate against MDR1-
expressing cells in cell culture and in a xenograft tumor model, while the two con-
jugates had similar activities in vitro and in vivo toward MDR1-negative cells  [  54  ] . 

 The polar nature of the released metabolite possibly contributed to the enhanced 
cytotoxicity of two non-maytansinoid ADCs to MDR cells. Hamann et al. reported 
that substitution of a hydrazide group by an amide in the linker of an antibody–
calicheamicin conjugate rendered this ADC more ef fi cacious against MDR cells 
 [  46  ] . Although the authors did not explain the mechanism of this phenomenon, we 
speculate that the conjugate with the pH-sensitive hydrazide linker released a hydro-
phobic calicheamicin via hydrolysis, whereas the non-cleavable amide-linked con-
jugate was processed to a polar amino acid-containing derivative that might be a 
poor MDR1 substrate. In another study, an ADC of a polar version of the cytotoxic 
compound auristatin was able to kill MDR cells  [  14  ] . However, it is not clear if the 
potency of this conjugate could be attributed to the polarity of its cytotoxic moiety 
since the potency of ADC of the original, nonpolar auristatin was not reported.  
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   Table 7.1    ADC linker formats currently in clinical development   

 Linker class  Linker–effector design  Compound  Status 

 Non-cleavable  SMCC–DM1, 
thioether—maytansinoid 

 Trastuzumab–
DM1 

 Phase 2, 3 

  mc–MMAF , thioether—auristatin  AGS-16M8F  Phase 1 
 mc–MMAF, thioether—auristatin  SGN75  Phase 1 

 Cleavable, disul fi de 
reduction 

 SPP–DM1, hindered 
disul fi de—maytansinoid 

 IMGN901  Phase 1 

 SPDB–DM4, highly hindered 
disul fi de—maytansinoid 

 IMGN388  Phase 1 

 SPDB–DM4, highly hindered 
disul fi de—maytansinoid 

 BT062  Phase 1 

 SPDB–DM4, highly hindered 
disul fi de—maytansinoid 

 BAY94-9343  Phase 1 

 SPDB–DM4, highly hindered 
disul fi de—maytansinoid 

 SAR566658  Phase 1 

 SPDB–DM4, highly hindered 
disul fi de—maytansinoid 

 SAR3419  Phase 2 

 Cleavable, 
protease 

 vc–MMAE, dipeptide—auristatin  SGN35  Phase 1, 2, 3 
 vc–MMAE, dipeptide—auristatin  CDX-011  Phase 1/2, 2 
 vc–MMAE, dipeptide—auristatin  ASG-5ME  Phase 1 
 vc–MMAE, dipeptide—auristatin  ASG-22ME  Phase 1 
 vc–MMAE, dipeptide—auristatin  antiCD22 ADC  Phase 1 
 vc–MMAE, dipeptide—auristatin  BAY79-4620  Phase 1 
 vc–MMAE, dipeptide—auristatin  PSMA ADC  Phase 1 
 dipeptide—duocarmycin derivative  MDX-1203  Phase 1 

 Cleavable, acid 
labile 

 Hydrazone—calicheamicin  CMC-544  Phase 3 
 Hydrazone—doxorubicin  Milatuzumab–

doxorubicin 
 Phase 1 

   Clinical Experience with ADCs Made with Different Linkers 

 There are presently over a dozen ADCs in clinical testing, employing a diverse set 
of linkers and cytotoxic agents. Compounds which have clinical data reported to 
date, along with their respective linker designs, are summarized in Table  7.1 . Several 
different cleavable linkers, designed to allow release of the payload upon internal-
ization into tumor cells through disul fi de reduction, protease activity, or acid 
hydrolysis, have now been evaluated in cancer patients. Many of these compounds 
are still in early phases of clinical testing, and the diversity of different targets, 
antibodies, payloads, and disease indications makes it dif fi cult to attribute particular 
clinical  fi ndings uniquely to the linker component of the ADCs. Nevertheless, the 
emerging data can provide useful information and important lessons on the clinical 
performance of these linker designs.  

 For disul fi de-linked maytansinoid conjugates, the contribution of linker design 
to ADC pharmacokinetics in patients has proven to be predictable from preclinical 
studies (see above) and re fl ects the inherent chemical stability of the disul fi de bond, 
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with increasing bond resistance to thiol–disul fi de exchange reactions extending the 
half-life of conjugate in circulation. In clinical studies, maytansinoid conjugates 
incorporating a highly hindered disul fi de linkage, SPDB–DM4, with an important 
exception (see below) have achieved predictably longer circulating half-lives than 
conjugates with a less hindered disul fi de bond, SPP–DM1. In the most direct 
comparison, two maytansinoid ADCs incorporating the same CanAg-targeting anti-
body, huC242, conjugated to either SPP–DM1 (cantuzumab mertansine) or 
SPDB–DM4 (IMGN242; cantuzumab ravtansine) were both evaluated in phase I 
studies. IMGN242 exhibited a signi fi cantly longer terminal half-life of 4–5 days 
(for patients with low CanAg plasma levels) compared to about 2 days reported for 
cantuzumab mertansine  [  55,   56  ]  which mirrors similar differences in the pharma-
cokinetics of ADCs employing these cleavable linker formats in preclinical studies 
 [  24,   57  ] . A major confounding factor when assessing linker design and its role in 
pharmacokinetics in patients is the impact of target-mediated clearance of the anti-
body/conjugate (“antigen sink”). In the case of IMGN242, the clearance of the con-
jugate (and its huC242 antibody component) was greatly accelerated in a subset of 
patients with very high levels of circulating shed CanAg antigen resulting in a  t  

½
  of 

less than 2 days (in some patients down to 0.6 days), whereas in patients with low 
circulating CanAg antigen levels, the half-life was about 4.6 days  [  55  ] . Another 
maytansinoid conjugate incorporating the SPDB–DM4 design, SAR3419, has a 
reported half-life of about 7 days in lymphoma patients with minimal target-
mediated clearance of the CD19-targeting antibody component  [  58  ] . By contrast, an 
SPDB–DM4 conjugate targeting CD33 (AVE9633) exhibited a shorter half-life, 
ranging from 1 to 4 days, re fl ecting the accelerated clearance of the anti-CD33 anti-
body component of the compound in AML patients with high leukemic cell burdens 
 [  59  ] . Similarly, IMGN901, an SPP–DM1 conjugate that targets CD56, has a half-
life of about 1 day in patients, which principally re fl ects the clearance of the anti-
body component of the conjugate via antigen-mediated clearance of the entire ADC 
rather than cleavage of the SPP–DM1 linkage  [  60  ] . 

 The design of the linker in an ADC can have important consequences for the 
tolerability and/or nature of the dose-limiting toxicities ultimately observed in 
patients. Linker designs with respect to mechanism and rate of release of active 
payload both within cells and in the extracellular compartment are key parameters 
that affect the distribution and the pharmacokinetics (exposure) of the conjugate, or 
potentially the released payload, in patients. As discussed above, the choice of linker 
can have signi fi cant impact on the nature of the active metabolite produced after the 
conjugate is processed in targeted cells or metabolized through normal clearance 
mechanisms. By altering linker chemistries, conjugates can be designed to have 
improved antitumor activity (e.g., better retention of metabolites in multidrug-
resistant cells or improved bystander activity in tumors with heterogeneous antigen 
expression) and/or potentially improved tolerability (e.g., yielding metabolites with 
less systemic toxicity). 

 Distinct clinical  fi ndings were reported in phase I studies of two maytansinoid 
ADCs incorporating the same CanAg-targeting huC242 antibody but differing in 
their disul fi de linker design. Cantuzumab mertansine (huC242-SPP-DM1), which 
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incorporated a more labile disul fi de linker (1:0 format), reached a maximum tolerated 
dose (MTD) of 235 mg/m 2  (dosed every 3 weeks), with dose-limiting toxicities at 
295 mg/m 2 , associated with reversible elevation of hepatic transaminases  [  56  ] . 
Cantuzumab ravtansine (huC242-SPDB-DM4), with a more hindered disul fi de 
linker (0:2), achieved an MTD of 168 mg/m 2  (in patients with low circulating 
CanAG antigen) with dose-limiting toxicities at 208 mg/m 2  associated with revers-
ible ocular toxicity  [  55  ] . The signi fi cantly longer half-life in circulation of cantuzumab 
ravtansine relative to cantuzumab mertansine resulted in a greater exposure to the 
intact ADC at the MTD in patients despite the somewhat lower dose. However, 
the altered distribution of the payload (ADC vs. small molecule metabolite) and the 
different nature of the metabolites produced by these two conjugates in targeted 
(and nontargeted) cells  [  17  ]  can both have an impact on their toxicity pro fi les. In 
general, while different maytansinoid conjugates to different targets made with 
three different maytansinoid-linker formats exhibit different DLTs at intolerable 
doses to de fi ne their MTDs, nevertheless, the MTDs for the 12 antibody–maytansi-
noid conjugates evaluated to date are in a similar range, from about 3.6 to 6.4 mg/
kg  [  61  ] . For example, the maximum tolerated doses of trastuzumab-DM1 (non-
cleavable SMCC–DM1)  [  30  ]  and SAR3419 (hindered disul fi de SPDB–DM4)  [  58  ]  
were de fi ned as 3.6 mg/kg and 160 mg/m 2  (~4.3 mg/kg), respectively, in phase 1 
studies (dosed every 3 weeks).  

   Conclusion 

 Several different linkers have now been validated in clinical testing with respect to 
their intended performance, yielding ADCs that are stable in circulation and acti-
vated upon internalization into tumor cells. Linker design is critical for the optimal 
performance of an ADC and can impact virtually all key attributes of an ADC, 
including antitumor ef fi cacy, pharmacokinetics, and tolerability. Understanding 
the mechanisms of ADC activation and metabolism in cells has provided opportu-
nities to rationally develop new linker chemistries that can signi fi cantly alter the 
properties of the active metabolite (payload) ultimately released in cells. Linker 
research thus represents an important area for innovation in developing ADCs with 
improved therapeutic window.      
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