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   Introduction 

 A major goal in the development of cancer therapeutics is to identify agents that will 
effectively eradicate tumors while having minimal effects on cells of normal tis-
sues. Unfortunately, the majority of anticancer agents developed to date have sub-
stantial side effect pro fi les and a narrow therapeutic index. One means to improve 
the selectivity and ef fi cacy of cancer therapy is by choosing therapeutic targets with 
altered levels of expression on malignant versus normal cells. Following the intro-
duction of monoclonal antibody (MAb) technology by  [  1  ] , the potential to utilize 
the antigen-selectivity of MAbs to deliver toxic agents initiated an extensive effort 
to design antibody-targeted therapeutics. The clinical utility of MAb based thera-
peutics was substantially improved by both the chimerization and humanization of 
murine MAbs, both of which reduced immunogenicity and improved MAb half-
life. The ability to obtain fully human MAbs from transgenic mice and by phage 
display has further enhanced the clinical potential of these approaches  [  2 – 4  ] . 
Monoclonal antibodies and fragments of MAbs have been used to effectively deliver 
radionuclides  [  5 ,  6  ] , cytokines  [  7 ,  8  ] , plant and bacterial toxins,  [  9 – 11  ] , and a vari-
ety of cytotoxic drugs  [  12 – 15  ] . Although simple in concept, the design of effective 
targeting agents has required substantial investigation and modi fi cation in the selec-
tion of MAbs and their targets, the types of linkers used, and the potency of the toxic 
agents that are delivered. This chapter will focus on MAb-directed delivery of plant 
and bacterial toxins (immunotoxins) and MAb-directed delivery of cytoxic drugs 
(antibody drug conjugates: ADCs).  

    P.A.   Trail   (*)
     Regeneron Pharmaceuticals Inc. ,  777 Old Saw Mill River Road, Tarrytown , 
 New York ,  NY ,  10591 ,  USA    
e-mail:  pamela.trail@regeneron.com   

    Chapter 1   
 Antibody    Directed Delivery for Treatment 
of Cancer: Antibody Drug Conjugates 
and Immunotoxins       

      Pamela A.   Trail               
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   Targets for Immunotoxins and ADCs 

 In contrast to function blocking monoclonal antibodies (MAbs) and small molecules 
therapeutics, antibody–drug conjugates (ADCs) and immunotoxin targets do not 
need to be causal in tumor progression. Rather the target antigens need to be 
expressed on the cell surface of malignant cells, have a limited normal tissue 
 distribution, and be internalized following antigen-speci fi c binding of the immunotoxin 
or ADC. An additional consideration in the selection of both the target and the design 
of the targeting construct is the nature of intracellular traf fi cking of the antigen. 
Targets that are rapidly and ef fi ciently traf fi cked to lysosomes are appropriate for 
ADCs that require lysosomal cleavage or MAb degradation for drug release but may 
be problematic for protein immunotoxins that would themselves be degraded. 

 Immunotoxin and ADC targets include cell surface antigens expressed on 
 hematologic malignancies and epithelial tumors. For the most part, tumor-speci fi c anti-
gens have not been identi fi ed and as such both immunotoxins and ADCs utilize MAbs 
to tumor-associated antigens. These are typically antigens expressed on malignant cells 
with limited expression on cells of normal tissues, antigens that are expressed at much 
higher density on malignant versus normal cells, or antigens that are developmentally 
expressed. It is optimal for target antigens to be expressed homogeneously and at high 
density on the cell surface of malignant cells. Homogeneous antigen expression is 
particularly important for immunotoxins and also for those ADCs that lack bystander 
killing activity. Lineage speci fi c antigens, such as CD19, that are expressed on both 
normal and malignant B cells but absent on progenitor cells, are attractive as targets as 
evidenced by the ongoing clinical evaluation of both CD19-directed immunotoxins 
and ADCs. Combotox, a mixture of two immunotoxins in which deglycosylated    
Ricin A (dgRTA) is chemically linked to MAbs to CD19 (HD37-dgRTA) and CD22 
(RFB4-dgRTA)  [  16  ]  is in a Phase 1 trial in relapsed/refractory B-lineage acute lympho-
blastic leukemia. SAR-3419, an ADC in which an anti-CD19 MAb is linked to the 
maytansine analog DM4, is currently being evaluated in a Phase II trial in NHL  [  17  ] . 
Immunotoxin and ADC targets with disclosed targets that are currently under clinical 
investigation are summarized in Tables  1.1  and  1.2 , respectively.   

 In addition to targets expressed on malignant cells, there are ongoing efforts to 
develop immunotoxins and ADCs to antigens expressed on the tumor vasculature. 
These approaches seek to exploit differences in the level of antigen expression and/
or the higher proliferation rate of endothelial cells of the tumor vasculature versus 
those of the normal tissues. Several endothelial targets considered to meet these 
 criteria are being evaluated in preclinical studies  [  18  ] . Endoglin (CD105) is 
 selectively expressed on vascular and lymphatic endothelium in tumors and Ricin 
A-based immunotoxins of anti-CD105 MAbs have demonstrated activity and a ther-
apeutic index in preclinical models  [  19,   20  ] . Prostate-speci fi c antigen is expressed 
on prostate cancer cells and also selectively expressed on vascular endothelial cells 
present in malignant solid tumors but not normal vasculature  [  21,   22  ] . To date two 
anti-PSMA ADCs have been evaluated clinically. MLN2704 is an ADC comprised of 
the  deimmunized anti-PSMA MAb MLN591 conjugated to the maytansinoid DM1 via 
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a disul fi de linker. The MLN2704 ADC demonstrated activity in preclinical models 
 [  23  ]  and evidence of biologic activity (PSA reduction) in the clinic; adverse events 
were attributed to release of drug from the labile disul fi de linker  [  24  ] . A second PSMA 
ADC in which an anti-PSMA MAb (IgG1) is conjugated to monomethyl auristatin E 
via a protease cleavable valine–citrulline linker  [  25,   26  ]  is currently being  evaluated in 
Phase 1 in patients with castration resistant metastatic prostate cancer (Table  1.2 ).  

   Immunotoxins 

 Immunotoxins are highly potent agents that consist of a targeting domain such as an 
antibody, antibody fragment, or growth factor linked to bacterial or plant-derived 
toxins. For the purpose of this review only antibody-based immunotoxins are dis-
cussed. The typical formats of chemically conjugated and recombinant immunotox-
ins are discussed below. In each case the antibody or antibody fragment is used to 
confer both target selectivity and facilitate internalization of the toxin into antigen-
expressing cells. First-generation immunotoxins consisted of full length antibodies 
chemically linked to intact toxins using bi-functional cross-linking agents. The 
presence of the cell-binding domain of multicomponent toxins such as the bacterial 
exotoxins of  Corynebacterium diphtheria  and  Pseudomonas aeruginosa  as well as 
the plant toxin ricin resulted in “off-target” toxicities that limited their utility as 
therapeutics. Strategies to improved target selectivity have included eliminating or 
blocking the cell-binding domain of multi subunit toxins and utilizing toxins such 
as the plant-derived Type I ribosome inactivating proteins (RIPs) that lack a cell 
binding domain  [  11,   27  ] . As shown in Table  1.1 , several of these chemically conjugated 
immunotoxins are currently in Phase I and Phase II clinical trials. In addition to  chemical 
conjugation, immunotoxins have been produced as fusion proteins in which genes 
encoding the Fv region of the antibody are fused to genes encoding modi fi ed protein 
toxins that lack a cell-binding domain. Two formats of recombinant immunotoxins 
have been evaluated extensively in preclinical models, a single chain Fc (scFv) 
format that uses a  fl exible polypeptide linker between the V 

H
  and V 

L
  chains of the 

Fv  [  28  ]  and a disul fi de stabilized (dsFv)  [  9,   29  ] . As a result of their reduced size, 
recombinant immunotoxins have the potential to more rapidly penetrate solid 
tumors. However, rapid tumor penetration is not the sole driver of ef fi cacy and must 
be balanced against the shorter half-life and lower avidity of recombinant relative to 
chemically linked immunotoxins prepared with full-length IgGs.  

   Protein Toxins used as Immunotoxins 

 A variety of plant and bacterial toxins have been evaluated as immunotoxins. Plant 
 toxins can be classi fi ed into Type I and Type II RIPs. Type I and Type II RIPs induce 
inhibition of protein synthesis and apoptosis following immunotoxin binding, 
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internalization, and traf fi cking of the toxin to the cytosol. Type I RIPs contain 
catalytic activity in a single chain structure and include gelonin, saporin, and bouga-
nin  [  30–  32  ] . Type II RIPs consist of a two-chain structure, with the cell-binding 
(B chain) subunit linked via a disul fi de to an enzymatic (A chain) subunit. Type II 
RIPs used as immunotoxins include ricin and abrin  [  27,   32,   33  ] . Ricin has been used 
extensively in the construction of immunotoxins. The B chain of intact ricin can 
bind to most mammalian cells and efforts to improve selectivity of ricin immuno-
toxins have included blocking the galactose-binding sites of the B chain so that cell 
binding occurs primarily via the MAb or MAb fragment of the immunotoxin  [  34  ] . 
Ricin A-chain immunotoxins are potent and antigen selective in vitro; however, 
when evaluated in vivo the immunotoxins are rapidly cleared in liver and spleen as 
a consequence of binding to the lectin receptor on reticuloendothelial cells. Chemical 
deglycosylation of ricin A has resulted in reduced hepatotoxicty and improved 
ef fi cacy  [  35–  38  ] . Preclinical evaluation of RFT.dgA, an anti-CD25 immunotoxin in 
which the murine IgG1 MAb (RFT5) was conjugated to dgRTA-chain,  demonstrated 
impressive activity in vitro and against disseminated Hodgkin lymphomas in SCID 
mice  [  39  ] . The RFT5.dgA immunotoxin was advanced into Phase I in patients with 
refractory Hodgkin lymphoma. Vascular leak syndrome (VLS) was the major dose-
limiting toxicity reported. The immunotoxin was also highly immunogenic and 
most patients developed antibodies to the murine MAb (HAMA) and ricin compo-
nents of RFT5.dgA  [  40  ] . Combotox is a mixture of two distinct dgRTA-chain 
immunotoxins, HD37-dgRTA and RFB4-dgTA, directed against CD19 and CD22, 
respectively. Both immunotoxins consist of dgRTA-chain chemically linked to their 
respective murine IgG1 MAbs. Combotox has shown potent activity in preclinical 
models  [  41  ]  and as shown in Table  1.1  is currently being evaluated in Phase I stud-
ies in patients with B cell adult acute lymphoblastic  leukemia or acute lymphoblas-
tic leukemia. 

 The bacterial toxins Pseudomonas exotoxin A (PE), produced by  P. aeruginosa , and 
diphtheria toxin (DT), produced by  C. diphtheria , have been used extensively in the 
construction of immunotoxins. These A–B bacterial toxins are similar to Type II RIPs in 
that they consist of two distinct domains, a receptor-binding (B subunit) domain respon-
sible for cell entry and catalytic domain (A subunit) responsible for activity. The A 
subunits of PE and DT contain the catalytic activity of the toxins and kill cells by ADP-
ribosylation of elongation factor 2 resulting in inhibition of protein synthesis. As with 
Type II RIPs, the “on-target” or MAb-directed activity of PE and DT immunotoxins has 
been substantially improved by removal of the binding domains  [  9,   42,   43  ] . 

 Pseudomonas exotoxin A has been extensively studied, initially as intact PE 
chemically conjugated to full-length IgGs and more recently as recombinant immu-
notoxins in which the cell-binding domain (Ia) of PE is removed and replaced with 
the variable domain (Fv) of monoclonal antibodies. Current efforts to further opti-
mize PE-based therapeutics are focused on increasing therapeutic utility by decreas-
ing immunogenicity and reducing VLS  [  9  ] . 

 There are also ongoing efforts to utilize human proteins such as the pro-apoptotic 
granule-associated serine protease granzyme B  [  44,   45  ]  and other endogenous 
human pro-apoptotic proteins  [  46  ]  in the construction of immunotoxins. The use of 
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human, rather than plant or bacterially derived proteins has the potential to reduce 
the immunogenicity of the toxin component of the immunotoxin and potentially 
further improve safety. 

 The immunotoxins currently being evaluated clinically (Table  1.1 ) include both 
chemical and recombinant constructs. The potency of these immunotoxins makes 
them desirable therapeutics, particularly for targeting cell surface antigens expressed 
at low density. However, the clinical utility of immunotoxins to date has been lim-
ited by the immunogenicity of the toxins used. The development of an anti-immu-
notoxin immune response, frequently seen as the development of neutralizing 
antibodies against the toxin itself, can dramatically reduce the plasma half-life of 
the immunotoxin and limit the number of treatment cycles a patient can receive. 
There are ongoing efforts to reduce the immunogenicity of toxin molecules through 
identi fi cation and removal of B epitopes of Pseudomonas exotoxin A  [  47,   48  ]  and T 
epitopes of the plant toxin bouganin  [  49  ] . A combination of deletion and mutation 
of B cell epitopes was shown to result in a substantial reduction in the immunoge-
nicity of an anti-CD22-PE38 immunotoxin when evaluated in mice  [  47,   48  ] . To 
date, VLS has been reported as the dose-limiting toxicity for the majority of immu-
notoxins evaluated clinically  [  16,   46,   50  ] . The targets, toxins, and characteristics of 
immunotoxins currently under clinical investigation, as listed in ClinicalTrials.gov 
as of December 2011, are shown in Table  1.1  and several of these agents are dis-
cussed in detail in later chapters.  

   Antibody–Drug Conjugates 

 Antibody–drug conjugates consist of a MAb, a linker, and a cytotoxic drug (Fig.  1.1 ). 
Each of these components should be selected in the context of the target antigen and 
biology of the tumor type on which the antigen is expressed. Ideally, the target anti-
gen will be homogeneously expressed at high density on malignant cells and have 
limited expression on cells of normal tissues. The cytotoxic drug must be suf fi ciently 
potent to kill tumor cells at intracellular concentrations that can be achieved with 
MAb-mediated delivery. For the most part, ADC’s are designed with linkers that 
liberate biologically active drug following antigen-speci fi c internalization and 
traf fi cking to lysosomes (Fig.  1.2 ). Linkers with good stability and a “conditional” 
mechanism of drug release provide a therapeutic index to drugs that are active clini-
cally only at doses at or beyond their maximum tolerated dose (MTD).   

 Early approaches to designing ADCs used murine and chimeric MAbs covalently 
linked to clinically approved cytotoxic drugs such as vinblastine, methotrexate, and 
doxorubicin. These low molecular weight drugs were already established as clinical 
“standards of care” and were chosen in part because their toxicity as free drugs was 
well understood. It was anticipated that antibody-directed delivery would improve 
ef fi cacy by selectively increasing the intratumoral concentration of drug beyond 
what could be achieved with the free drugs. The MAbs used in early ADCs included 
those that were rapidly internalized following antigen-speci fi c binding and those that 
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  Fig. 1.1    Schematic of an ADC. An ADC consists of three components, the MAb, linker, and 
cytotoxic drug each of which must be optimized to design safe, potent, and effective therapeutics       

Release
of Active

Drug

Upon Ab
Internalization

Killing of Ag+ CellsAg+ Tumor Cell

Antigen Ab-conjugate Active drug 

Bystander killing of neighboring Ag- Cells

  Fig. 1.2    Mechanism of ADC activity. Following tumor localization, ADCs bind to antigen-
expressing cells. The ADC is internalized into endosomes/lysosomes where biologically active 
drug is released following enzymatic cleavage or MAb catabolism. The liberated drug enters the 
cytoplasm where it binds to its molecular target (typically DNA or tubulin) resulting in cell cycle 
arrest and apoptosis. The drug may also diffuse out of or be released from dying cells and if mem-
brane permeable can enter cells (antigen positive or negative) in close proximity and mediate 
bystander killing       
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were not internalized to any appreciable extent. To be effective, the noninternalizing 
ADCs needed to be stable in the circulation and yet selectively release biologically 
active drug following tumor localization. These ADCs were designed with peptidyl 
linkers that could be cleaved by enzymes such as cathepsins and matrix metalloprotei-
nases expressed by tumor cells or linkers that would release drug by hydrolysis at the 
slightly acidic pH observed in many solid tumors. For the most part, noninternalizing 
ADCs did not show signi fi cant antigen-speci fi c activity in vitro or in vivo  [  51,   52  ] . 
The use of MAbs that rapidly internalize has enabled the design of conditional link-
ers that ef fi ciently release biologically active drug following internalization and 
traf fi cking to the endosomal/lysosomal compartments of antigen expressing cells 
(Fig.  1.2 ). The optimal characteristics of the MAb, linker, and drug are shown in 
Fig.  1.1  and will be discussed individually below.  

   Characteristics of Targets and MAbs used in ADCs 

 To date, the use of ADCs as therapeutics has focused almost exclusively on the 
treatment of cancer. There are at least 25 ADCs in various stages of clinical devel-
opment and those for which the target has been disclosed are included in Table  1.2 . 
Of the 18 ADCs listed in Table  1.2 , 6 ADCs are being evaluated in hematologic 
malignancies, 10 in various solid tumors, and 2 ADCs that bind CD70 are being 
evaluated in both non-Hodgkin Lymphoma (NHL) and renal cell carcinoma. The 
majority of ADCs in clinical development utilize humanized or fully human MAbs. 
An exception is brentuximab vedotin (SGN-35) an ADC that utilizes a chimeric 
IgG1 anti-CD30 MAb  [  53,   54  ] . Brentuximab vedotin recently received accelerated 
approved for treatment of Hodgkin lymphoma and anaplastic large cell lymphoma 
 [  55  ] . BT062, an anti-CD138 ADC also uses a chimeric MAb  [  56  ]  and is currently 
being evaluated in a Phase I trial in multiple myeloma. 

 As the majority of target antigens are tumor selective rather than tumor speci fi c, 
it is important to select MAbs that cross-react with the corresponding target antigen 
expressed on cells from normal nonhuman primates. This enables preclinical toxicol-
ogy assessments of “on-target” toxicities that may result from binding of the ADC to 
antigen expressed on cells of normal tissues. Preclinical pharmacology studies are 
also facilitated by MAbs that cross-react with rodent species as this allows for an 
understanding of ef fi cacy in the background of normal tissue expression. 

 Although there is a general agreement that effective ADC conjugation strategies 
should not reduce af fi nity relative to that of the unconjugated MAb, there are lim-
ited data available that can be used to de fi ne the optimal, or even the minimal, 
af fi nity that is required for an effective ADC. Rather than MAb af fi nity being the 
sole driver of ADC ef fi cacy it is likely that af fi nity, internalization rate, intracellular 
traf fi cking, and selectivity of a given MAb in composite that will de fi ne an ef fi cacious 
and safe ADC. 

 The selection of the isotype of the MAb is another important consideration in 
ADC design as it will in fl uence whether the ADC has the potential to kill cells via 
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immune-mediated effector functions such as antibody-dependent cellular cytotoxic-
ity (ADCC) and/or complement dependent cytotoxicity (CDC) in addition to killing 
mediated by the cytotoxic drug. IgG1 MAbs have the potential to mediate CDC, via 
binding the complement component C1q, and ADCC, via binding to Fc g  receptors 
expressed on various effector cells whereas IgG2 and IgG4 MAbs are inef fi cient in 
these effector functions  [  57  ] . Whether the ADCC and/or CDC activity of a given 
IgG1 MAb is retained following attachment of the linker/drug is likely to be 
in fl uenced by both the sequence of the particular MAb, the site of drug conjugation, 
the drug load, and the drug itself. Notably, Trastuzumab-DM1, an anti-HER2 ADC 
currently in Phase III, has been shown to retain in vitro ADCC activity  [  58  ] . It is 
frequently assumed that retaining effector functions may contribute to the antitumor 
activity of ADCs. However, the relative contribution of the effector function of IgG1 
versus IgG2 and IgG4 ADCs to the potency, selectivity, and off-target toxicity of the 
respective ADCs is not clear and dif fi cult to model in preclinical studies in rodents. 
At present, the majority of ADCs in clinical development (13/18) are IgG; however, 
both IgG2 (2/18) and IgG4 (3/18) ADCs are being evaluated. The relative safety and 
tolerability of ADCs that differ only in isotype could be addressed by studies in 
nonhuman primates, assuming appropriate species cross-reactivity. However, a 
comprehensive comparison of the safety pro fi le of ADCs that differ only in isotype 
has not been published to date.  

   Drugs and Linkers Used in ADCs 

 To be effective, an ADC must achieve an intracellular concentration of biologically 
active drug that is suf fi cient to result in cell death. The copy number and  heterogeneity 
of antigen expression must be considered in the selection of drug and linker. This is 
particularly important for antigens with heterogeneous expression where ADCs 
with bystander activity may be desirable. Ideally, the stability of the linker will 
exploit the long circulating half-life of the MAb and release biologically active drug 
following antigen-mediated internalization of the ADC. Linkers currently used in 
ADCs can be broadly classi fi ed as cleavable linkers that release drug by hydrolysis 
or enzymatic cleavage following internalization and noncleavable linkers, in which 
the drug is released by degradation of the MAb in lysosomes following antigen-
speci fi c internalization. In addition to the mechanism of drug release, the site of 
conjugation, the potency of the drug, and the average number of drug molecules per 
antibody molecule need to be considered in the selection of the linker. 

 Early approaches to ADC design incorporated cytotoxic drugs such as methotrexate 
 [  59–  61  ] , vinblastine  [  62,   63  ] , and doxorubicin  [  12,   64–  66  ]  that displayed clinical activ-
ity and an exploitable therapeutic index as free drugs. In general these ADCs demon-
strated antigen-speci fi c activity in vitro and in vivo but required high dose levels to 
achieve substantial antitumor activity. One approach to increasing the potency of 
these ADCs was to increase the quantity of drug delivered per MAb. In the case of 
doxorubicin conjugates, increasing the drug:MAb ratio over a range of 1–25 
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molecules of drug/MAb was achieved through direct conjugation  [  67  ] , the use of 
branched linkers  [  68,   69  ] , or through polymeric carriers  [  70  ] . In general, as long as 
the method of conjugation did not result in a loss of MAb af fi nity, the in vitro 
potency of these ADCs increased as the drug:MAb ratio increased. 

 The importance of drug potency to the therapeutic ef fi cacy of ADCs was shown 
in the clinical evaluation of an ADC termed BR96-DOX (BMS-182248), a chimeric 
IgG1 anti-Lewis y  MAb conjugated to doxorubicin via an acid-labile hydrazone 
linker. The BR96-DOX conjugate was rapidly internalized following antigen-speci fi c 
binding and doxorubicin was released in the acidic environment of endosomes/lyso-
somes. The BR96-DOX conjugate, at an average drug:MAb of 8, produced cures of 
established human tumors in immune de fi cient mice and rats and curative activity 
was seen for both doxorubicin sensitive and insensitive tumors  [  12,   65  ] . However, 
the dose levels required were high (>100 mg/kg) likely re fl ecting the low potency of 
doxorubicin and the suboptimal half-life of the hydrazone linker. The BR96-DOX 
conjugate was evaluated in Phase I trials in patients with solid tumors con fi rmed to 
express the Lewis y  antigen by immunohistochemistry. The observed toxicities were 
primarily gastrointestinal and resulted from binding of the BR96 MAb to Lewis y  
antigen expressed in the gastrointestinal tract. The results of this Phase I trial were 
disappointing, with objective responses seen in only 2 of 66 patients treated every 
3 weeks with various dose levels of BR96-DOX. Tumor biopsies were obtained 
from patients with accessible lesions 48 h after infusion of the ADC. Localization of 
the BR96 MAb was shown by immunohistochemistry and importantly, intranuclear 
deposition of doxorubicin was also seen by confocal microscopy demonstrating tumor 
localization of both the MAb and drug components of the ADC  [  71  ] . The demonstrated 
tumor localization of the ADC and minimal clinical activity observed indicate the limi-
tations of using a low potency drug such as doxorubicin for MAb-targeted delivery and 
the limitations of linkers that do not adequately exploit the half life of the MAb. 

 A major advance in ADC optimization resulted from incorporating highly potent 
cytotoxics such as calicheamicin, maytansinoids, auristatins, and duocarmycins 
into ADCs. These cytotoxics are 100–1,000-fold more potent than the drugs used in 
  fi rst-generation ADCs. For the most part these cytotoxics failed clinically as free 
drugs as they were very toxic and lacked a therapeutic index. Delivery in the form 
of an ADC provides a means to clinically exploit the potency of these agents while 
minimizing their systemic toxicities. As shown in Table  1.2 , ADCs that utilize each 
of these drug classes are currently under clinical evaluation. Of these 18 ADCs, the 
majority utilize drugs that function as tubulin inhibitors (6/18 maytansines and 8/18 
auristatins) and 4 utilize drugs that target DNA (2/18 calicheamicin, 1/18 duocar-
mycin, and 1/18 doxorubicin). 

 The calicheamicins bind to the minor groove of DNA resulting in double strand 
breaks in DNA and cell death at subpicomolar concentrations. Calicheamicin con-
jugates utilizing a hydrazone linker (Fig.  1.3 ) were very potent, producing durable, 
antigen-speci fi c activity in preclinical models at doses of ~100  m g/kg  [  13  ] . 
Gemtuzumab ozogamicin, is an ADC in which calicheamicin is conjugated to a 
humanized anti-CD33 (IgG4) MAb via an acid-labile hydrazone linker. The average 
drug:MAb ratio is 3–4; however, the distribution of drug in the ADC is skewed in 
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  Fig. 1.3    Drugs and linkers used in ADCs under clinical development       
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that approximately half of the MAb has 4–6 mol of calicheamicin per mole of MAb 
and the remaining half of the MAb is not conjugated to calicheamicin. Gemtuzumab 
ozogamicin received accelerated approval by the FDA in 2000 for treatment of 
CD33 positive acute myeloid leukemia in  fi rst relapse in patients over 60 years of 
age  [  72  ] . Accelerated approval was granted based on the results of three single arm 
open-label Phase II studies in which 227 patients were treated with Gemtuzumab 
ozogamicin (9 mg/m 2 ) and 26% achieved remission  [  73  ] . The drug was voluntarily 
withdrawn from the market in 2010 due to concerns about the relative therapeutic 
bene fi t seen in post marketing studies  [  74  ] . As shown in Table  1.2 , there are ongoing 
Phase II and III studies of gemtuzumab ozogamicin in additional clinical settings. 
A second calicheamicin ADC termed inotuzumab ozogamicin (CMC-544) that con-
sists of an IgG4 anti-CD22 MAb conjugated to the same calicheamicin analog via a 
hydrazone linker is now in Phase III studies in NHL. The ADC demonstrated potent 
activity in preclinical models  [  75  ] . A Phase I study of inotuzumab ozogamicin was 
completed in relapsed or refractory CD22 expressing B cell NHL and demonstrated 
evidence of clinical activity of the ADC. At the MTD (1.8 mg/m 2  every 4 weeks) 
15% of patients with diffuse large B-cell lymphoma ( n  = 26) and 68% of patients 
with follicular lymphoma ( n  = 22) achieved an objective response. The major grade 
3/4 toxicity was thrombocytopenia  [  76  ] .    This likely re fl ects “off-target” toxicity of 
the ADC as a consequence of nonspeci fi c release of drug from hydrolysis of the 
hydrazone linker and suggests that improvements in linker stability are required to 
fully exploit the potency of calicheamicin-based ADCs.  

 The auristatins  [  15,   77,   78  ]  and maytansinoids  [  79–  81  ]  are two classes of highly 
potent (pM-nM IC50s) tubulin inhibitors being developed as ADCs (Fig.  1.3 ). The 
auristatins MMAE and MMAF are fully synthetic analogs of the marine natural 
product dolastatin  [  15  ] . The maytansines DM1 and DM4 are benzoansamacrolides 
derived semi-synthetically from ansamitocin  [  80  ] . The auristatins and maytansi-
noids are structurally distinct;  however, they both bind to tubulin at the same site as 
the vinca alkaloids and inhibit tubulin polymerization resulting in G2/M arrest and 
cell death  [  15,   80,   81  ] . 

 Auristatin-based ADCs comprise 45% (8/18) of the ADCs with disclosed targets 
currently in clinical development and the majority of these use a cleavable valine–
citrulline (vc) dipeptide linker (Table  1.2 ). The dipeptide linker is stable in circulation 
and is cleaved by lysosomal enzymes, including cathepsin B, following  antigen-speci fi c 
internalization  [  82  ] . The auristatin derivative MMAE is conjugated to MAbs via a 
valine–citrulline dipeptide-based linker attached to solvent accessible thiols  present 
in MAb cysteines  [  83  ] . Biologically active MMAE is released from the ADC fol-
lowing antigen-speci fi c internalization, and importantly, due to the membrane per-
meability of MMAE, the released drug is able to kill cells that are in close proximity, 
including those that lack CD30 expression  [  84  ] . The ability of a targeted drug, 
released in an antigen-speci fi c manner to mediate bystander killing, is an important 
selection criteria for those ADCs directed to antigens that are heterogeneously 
expressed in tumors. The most advanced of the vc-MMAE ADCs is brentuximab 
vedotin (SGN-35), an anti-CD30 vc-MMAE ADC with an average drug:MAb ratio 
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of 4, that recently received accelerated approval for treatment of Hodgkin lymphoma 
and anaplastic large cell lymphoma  [  55  ] . 

 In addition to the cleavable vc-MMAE ADCs, noncleavable maleimidocaproyl 
(mc) linked conjugates of the auristatin analog MMAF are being pursued  [  85,   86  ] . 
As with vc-MMAE-based ADCs the mc linkers are attached to solvent accessible 
thiols present in MAb cysteines. Conjugates of MMAF demonstrate potent activity 
in vitro and in vivo  [  77,   85,   86  ] . The intracellular release of biologically active drug 
is believed to be a consequence of MAb degradation in lysosomes. In contrast to 
MMAE, the MMAF analog is cell impermeable and as such does not display 
signi fi cant bystander killing activity. An MMAF-based ADC termed SGN-75 and 
directed against CD70  [  86  ]  is currently in Phase 1 evaluation in NHL and renal cell 
carcinoma (Table  1.2 ). 

 Maytansine-based ADCs represent 33% (6/18) of currently active clinical pro-
grams (Table  1.2 ). There are two maytansine analogs, DM1 and DM4, being used in 
ADCs currently under clinical evaluation. These derivatives differ in steric hindrance 
around the disul fi de bridge (Fig.  1.3 ) with the DM4 derivative demonstrating improved 
linker stability relative to disul fi de-linked derivatives of DM1  [  79,   87  ] . In each case, 
maytansine linkers are conjugated through amino groups of MAb lysine residues. 
The most advanced of the maytansine-based ADCs is trastuzumab emtansine (T-DM1), 
currently in Phase III clinical trials for treatment of HER2-positive metastatic breast 
cancer. This ADC will be discussed in detail later in this book and as such is only 
described brie fl y here. T-DM1 consists of the clinically approved MAb trastuzumab 
(humanized IgG1) conjugated to DM1 via a noncleavable thioether (SMCC) linker. It 
is anticipated that drug release from the ADC occurs as a result of degradation of the 
MAb in lysosomes. T-DM1 has an average of 3.5 molecules of DM1/MAb. In pre-
clinical studies, T-DM1 demonstrated potent antigen-speci fi c activity in vitro, was 
more ef fi cacious and was better tolerated than ADCs prepared with derivatives of 
DM1 with various degrees of steric hindrance around the disul fi de. Importantly, the 
pharmacokinetics demonstrated impressive stability of the T-DM1 with the concen-
tration of the ADC equivalent to 70% of the antibody at 7 days  [  87  ] . T-DM1 demon-
strated signi fi cant biologic activity in a Phase 1 trial in patients with advanced 
HER2-positive breast cancer. Clinical bene fi t was seen in 73% of the 15 patients 
treated at the MTD, 3.6 mg/kg every 3 weeks and 44% of 9 patients with measurable 
disease achieved an objective response  [  88  ] . The dose-limiting toxicity of T-DM1 was 
transient thrombocytopenia. Phase II studies were performed in patients with HER2- 
positive metastatic breast cancer that had previously progressed following treatment 
with Trastuzumab and chemotherapy. T-DM1 administered every 3 weeks at a dose of 
3.6 mg/kg demonstrated impressive biologic activity  [  89  ] . 

 Maytansine-based ADCs prepared with cleavable linkers are also being evaluated 
clinically (Table  1.2 ). The most advanced of these is SAR3419, an ADC that consists 
of a humanized (IgG1 MAb) conjugated to DM4 using a cleavable hindered disul fi de 
linker. The ADC releases biologically active DM4 following antigen-speci fi c inter-
nalization and intracellular cleavage of the disul fi de linker  [  17  ] . The preclinical and 
clinical development of SAR3419 will be discussed in detail later in this book.  
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   Optimization of ADCs 

 Major advances in the ef fi cacy and safety of ADCs have resulted from incorporating 
highly potent drugs and utilizing linkers with stability suf fi cient to better exploit the 
half-life of the MAb component of the ADC. However, the choice of appropriate 
targets remains a critical challenge to ADC design as the target must be selectively 
expressed on tumor relative to normal tissues and also be expressed at suf fi cient 
copy number on the majority of malignant cells. Characteristics of the ADC target 
such as copy number, heterogeneity and speci fi city of expression, internalization 
rate, and intracellular traf fi cking can be used to de fi ne the selection of an ADC 
linker (cleavable or noncleavable) and the characteristics of the drug released (cell 
permeable or impermeable). There are currently 18 ADCs, directed to 16 distinct 
cell surface targets, under clinical investigation. Evolving clinical data from these 
ADCs will provide critical insight into the design of next generation ADCs.      
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      Introduction 

 Antibody–drug conjugate (ADC) development started about three decades ago with 
the hypothesis that toxins conjugated to antibodies would enhance antitumor activity 
and reduce toxicity by delivering toxins to speci fi c tumor sites. Since then, the  fi eld 
has evolved to include potent small molecule drugs (SMD) and radiolabeled drugs 
conjugated to antibodies targeting both solid tumors and hematologic malignancies. 
Improved ADC technology has paved the way for increased drug delivery to the 
target tumors and decreased normal tissue exposure to cytotoxic agents. Radio-
immunoconjugates (RICs) present a different set of challenges leading to unique 
development pathways. Several factors need to be taken into consideration when 
developing RICs, such as decay of radioactivity, potentially higher exposure to nor-
mal tissue caused by lower speci fi city, and dehalogenation leading to a loss of signal. 
This chapter focuses on antibodies conjugated to SMDs. 

 Administration of unconjugated SMDs that have a narrow therapeutic window 
often leads to serious adverse events in patients, which limits their use in achieving 
maximal effectiveness. Increasing the dose of these agents is not a viable option 
because of the lack of speci fi city and resulting toxicity. However, targeting these 
agents to a particular marker on a cancer cell can reduce the toxic side effects and 
potentially increases ef fi cacy. There are several steps involved in the mechanism of 
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ADC activity: circulation, antigen binding, internalization, drug release, and eventual 
drug action. When in circulation, the activity of the ADC is heavily dependent on the 
stability of the linkage. An unstable linker could lead to premature release of the 
payload (either a SMD or a toxin), before reaching the site of action. Additionally, 
the antibody component of the ADC should retain a high af fi nity for its target; this 
af fi nity should ideally remain unhindered by the linker and payload. Furthermore, 
internalization of the payload can be challenging given the limited number of 
antigen targets on the cell surface. Upon internalization, the antibody must 
release the payload and allow the payload to exert its mechanism of action  [  1  ] . 
While the various mechanisms involved in ADC action are important, so are the 
various components that comprise the ADC product: the SMD, linker, and 
monoclonal antibody (mAb). 

 Several challenges present themselves in ADC development, and multiple 
 considerations need to be taken. Ideally, the ADC should have a potent cytotoxic 
agent with a proven mechanism of action, a mAb with high af fi nity and selectivity 
for the target, and a linker with suitable stability to deliver the ADC to the site of 
action and also labile after getting inside of the tumor cell. Some ADCs have a mAb 
that possesses its own therapeutic activity whereas others have a mAb whose only 
function is targeting and delivering SMDs or toxins. Trastuzumab emtansine 
(T-DM1), for example, is trastuzumab conjugated to DM1, a maytansine derivative. 
In this case, trastuzumab, the mAb, targets HER-2 and possesses ADCC (antibody-
dependent cellular cytotoxicity) activity among other intracellular activities  [  2,   3  ] . 
The SMD component, DM1, acts as a microtubule disrupting agent to inhibit cell 
division  [  4  ] . However, it is not necessary for a mAb in the ADC to have therapeutic 
activity. In the case of inotuzumab ozogamicin (CMC-544), a conjugate of G544 
and calicheamicin connected by an acetyl butyrate linker, the anti-CD22 mAb, 
G544, does not possess any antitumor activity of its own  [  5  ] . The lack of activity of 
the mAb does not preclude inotuzumab ozogamicin from having anticancer activity 
in patients with relapsed or refractory CD22-positive B-cell non-Hodgkin’s lym-
phoma  [  6  ] . Brentuximab vedotin (Adcetris or SGN-35), a newly approved ADC for 
CD30-postivie Hodgkin lymphoma and systemic anaplastic large cell lymphoma, 
also utilizes a mAb (cAC10), which according to Younes and colleagues does not 
possess antitumor activity of its own  [  7  ] . 

 This chapter aims to cover the nonclinical and clinical pharmacology aspects of 
ADC development. The chemistry, manufacturing, and controls information is not 
discussed in this chapter but can be found in a public document entitled, “ Points to 
Consider in the Manufacture and Testing of Monoclonal Antibody Products for 
Human Use ”  [  8  ] . The overall clinical development program of an ADC from an 
ef fi cacy and safety standpoint is similar to that of any other agent depending on the 
indication. Since most ADCs in development are for oncology indications, the clini-
cal trial design would have to take into consideration the complexities involved in 
treating a cancer patient population.  
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   Nonclinical Development 

 Most ADCs in development are intended to treat cancer in patients with serious and 
life-threatening conditions. Therefore, the discussion on nonclinical studies will 
focus on experience to date in oncology ADC development and the relevance of the 
principles described in the  International Conference on Harmonization (ICH) 
Guidance S9, Nonclinical Evaluation for Anticancer Pharmaceuticals   [  9  ] . 
Therapeutic radioisotope- and toxin-conjugated products are not discussed as there 
is little experience with their safety assessment or the safety assessment requires 
considerations in addition to those encountered in traditional drug development. It 
should be noted that these products are also excluded from the ICH S9 guideline. 
For the purpose of this discussion, the term conjugate refers to the ADC. Nonclinical 
approaches described in this section are based on the experience gained with ADCs 
currently in development, but other approaches not described below may also 
be applicable. 

 As for any pharmaceutical agent, nonclinical evaluations to support  fi rst-in-human 
studies are conducted to identify the pharmacologic properties of the product, to 
understand the toxicity pro fi le of the product and guide adequate monitoring in 
patients, and to establish a safe-starting dose in humans. 

 Prior to  fi rst-in-human studies, preliminary characterization of the mechanism of 
action of the conjugate is conducted.    For a conjugate, in addition to evaluating the 
anticancer activity of the product, it is generally necessary to conduct appropriate 
pharmacology studies to select relevant species for toxicology studies, unless such 
data are already available, for example, when a previously approved antibody is 
being linked to a SMD. 

 Most conjugates thus far in development for treatment of cancer contain a cytotoxic 
agent as a SMD. These SMDs are genotoxic and target rapidly dividing cells (e.g., crypt 
cells and bone marrow) in general toxicology studies; they usually interact directly with 
the DNA or components of DNA synthesis or cell division. In a conjugate, the SMD 
is covalently attached to the antibody via a linker. The linker is intended to provide 
a stable product in the plasma and result in ef fi cient release of the drug inside the 
cell. The antibody is used to direct the SMD to a speci fi c epitope on the target cell; 
this is followed by internalization and release of the SMD inside the cell. The proposed 
advantage of developing a conjugate is to direct high concentrations of the SMD to the 
site of action, usually the tumor site (via tumor-speci fi c or overexpressed antigens). 
Hypothetically, the targeted binding will reduce systemic exposure to the free SMD 
and reduce off-target adverse effects. In order to achieve this goal, the conjugate is 
expected to be stable in the plasma. As discussed in ICH S9, plasma stability of the 
conjugate in the test species and in humans is assessed to assure stable products and 
to guide in interpretation of study results when differences in plasma stability exist 
in test species compared to humans. 
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 The primary goal of toxicology studies is to assess the potential for toxicity 
 associated with the conjugate, the compound to which patients are exposed in 
 clinical trials. As described in ICH S9, a more limited evaluation could be done on 
the safety of the free SMD if such data do not already exist. The rationale for 
an assessment of toxicity associated with free SMD is the intended or unintended 
 dissociation of the conjugate in the biologic system or the presence of unconjugated 
drug in the dosing solution; experience to date with conjugates in development 
shows that toxicities of conjugates are mainly related to the SMD moiety. Toxicities 
of the linker are assumed to have been evaluated in toxicology studies conducted 
with the conjugate. In addition, as stated above, toxicities related to the SMD have 
been shown to be the primary cause of nonclinical and clinical toxicities. Therefore, 
it has not been generally necessary to assess the safety pro fi le of the linker alone in 
general toxicology studies. This approach will be reevaluated in the future if non-
toxic SMDs will be conjugated to the antibody or the nature of linkers evolves. The 
state of the current science of linkers and conjugation methods has been recently 
reviewed by Alley and colleagues  [  10  ] . 

 To support the  fi rst-in-human study of most anticancer drugs, general toxicology 
studies in two relevant species (rodent and non-rodent) with an appropriate dose–
response evaluation are usually conducted. A similar pathway has been used for 
many ADCs. Criteria used for the selection of a pharmacologically relevant species 
for an antibody may be used to select the relevant species for toxicology studies of 
the conjugate  [  11  ] . In some cases, only a single species with the intended target of the 
conjugate was available. In this case, to support  fi rst-in-human clinical trials of the 
ADC, a study of the conjugate in a second species was deemed not necessary. In 
another example, a study in a second species with the conjugate was conducted and 
provided useful information even in the absence of the epitope (described below). 

 If the antibody does not bind to its target in species that are typically used for 
toxicology studies (e.g., mouse, rat, monkey), a toxicology study of the conjugate 
could be still conducted in one species with appropriate dose–response.    The  rationale 
for conducting this study in the absence of antibody-target binding is the experience 
with conjugates to date, demonstrating that dose-limiting toxicities in nonclinical 
studies have been primarily due to toxicities associated with the cytotoxic agent. 
Hence, the study conducted with the conjugate has provided useful information on 
the toxicities associated with the SMD. Characterization of toxicities associated 
with the free SMD could possibly be done through reference to available data for a 
well-characterized substance, through inclusion of an arm of the free SMD in 
 toxicology study(ies), or by conducting a separate toxicology study with the free 
SMD. Studies that do not speci fi cally comply with good laboratory practice (GLP) 
regulations have sometimes been conducted with the free SMD to characterize 
drug-related toxicities, although in some cases these studies predate the GLP 
 regulations. However, the studies were judged to be of suf fi cient quality to  adequately 
describe the toxicities of the SMD. Pivotal studies, for example, toxicology studies 
conducted with the conjugate and used to set the  fi rst-in-human starting dose, are 
usually GLP-compliant (see 21CFR58). 
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 Per ICH S9, “an assessment of the pharmaceutical’s effect on vital organ  functions 
(including cardiovascular, respiratory, and central nervous systems) should be 
 available before the initiation of clinical studies; such parameters could be included 
in general toxicology studies. Detailed clinical observations following dosing and 
appropriate electrocardiographic measurements in non-rodents are generally 
 considered suf fi cient.” When the SMD moiety is known to cause cardiovascular 
toxicities, ECG monitoring in non-rodents may not be necessary as the conjugate 
may be considered a cardiovascular toxicant and appropriate clinical monitoring is 
expected. As stated in ICH S9, stand-alone safety pharmacology studies are 
 generally not needed for drugs intended for patients with advanced disease. If the 
sponsor chooses to conduct stand-alone studies to assess a speci fi c concern, it is 
important to consider the appropriateness of the model, for example, the hERG 
assay is generally not considered useful for large molecules such as a conjugate but 
may be more appropriate for the free SMD. 

 An assessment of the immune response to the conjugate may be useful in the 
interpretation of study results. Samples may be stored and analyzed retrospectively 
as needed. When the SMD is a cytotoxic agent, a class of products known to cause 
bone marrow suppression, immunogenicity may be reduced as doses of the conjugate 
are increased in animals. 

 As toxicities of the conjugates investigated to date arise mainly from the SMD 
moiety, a toxicokinetic evaluation to assess the levels of conjugate and the free 
SMD in studies conducted with the conjugate are expected, as discussed in ICH S9. 
These studies provide useful information in interpreting the study results. 

 Examples of different clinical schedules and the nonclinical studies to support 
clinical development are provided in ICH S9. For initial IND (Investigational New 
Drug) submissions, the commonly used clinical schedules of dosing for conjugates 
have been once every 3 weeks, once every 2 weeks, or once per week. In general, 
the schedule and route of administration in pivotal toxicology studies are expected 
to simulate the proposed clinical protocol, taking into account the available pharma-
cokinetic and pharmacodynamic data. A more frequent dosing schedule in animals 
could be considered in certain conditions, for example, if formation of anti-product 
antibodies (APAs) results in reduced half-life of and exposure to the conjugate. 
Single-dose toxicology studies have been successful in de fi ning toxicities of the 
conjugate and in selecting a clinical starting dose when dosing in patients was once 
every 3–4 weeks in the initial clinical trial. 

 The clinical starting dose for conjugates has been set as per existing practice for 
SMDs. When a rodent study was deemed relevant, 1/10th the STD 

10
  (severely toxic 

dose in 10% of animals) was used to select the starting dose in patients. When a 
non-rodent study was considered more relevant, the human starting dose was set at 
1/6th the HNSTD (highest non-severely toxic dose). The animal-to-human dose 
extrapolation based on body weight (mg/kg) has been considered appropriate for 
large molecules such as a conjugate. Because a conversion based on the body surface 
area (mg/m 2 ) results in a smaller starting dose, this approach has been accepted 
when proposed by the sponsors. Other approaches used include a starting dose 
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based on the no observed adverse effects level (NOAEL). When proposed by the 
sponsor and based on adequate scienti fi c justi fi cation, a human starting dose based 
on pharmacodynamic and/or pharmacokinetic data was also accepted. Other 
approaches may be equally acceptable. These different approaches used to date are 
being evaluated as experience is gained with this product class. 

 Long-term toxicology studies of the conjugate are generally conducted in two 
appropriate species. When a second relevant species (e.g., containing the target of the 
antibody) was not identi fi ed, a study in the second species has not always been deemed 
necessary. However, this study, when conducted, did provide useful information on 
toxicities associated with the SMD. There might be other circumstances for which the 
long-term study in the second species may not be considered essential, for example, 
when short-term toxicology studies and clinical data indicate that toxicities of the 
conjugate are due to the SMD moiety and toxicities of the SMD have been character-
ized in long-term studies. Justi fi cation for conducting the chronic study in one 
species is expected. As discussed in ICH S9, for conjugates (and other pharmaceuti-
cals) developed to treat cancer in patients with serious and life-threatening conditions, 
the duration of chronic study(ies) may be limited to 3 months or 3–4 cycles, and these 
studies are expected to be submitted prior to Phase 3 clinical development. 

 Genotoxicity studies are performed to support a marketing application  [  9,   12  ] . 
When the free SMD was a well-characterized molecule and known to be positive in 
genetic toxicology studies, additional studies to characterize genotoxicity of the con-
jugate have not been needed; the conjugate was considered genotoxic. If the geno-
toxicity potential of the conjugate or the SMD is unknown, the in vitro genotoxicity 
studies may be conducted with the free SMD. For the approved ADC, Adcetris, the 
genetic toxicology studies were conducted with the SMD. Per ICH S9, if the in vitro 
assays for a drug intended to treat patients with life-threatening cancer are positive, 
an in vivo assay might not be warranted. 

 Per ICH S9, embryofetal toxicity studies of anticancer pharmaceuticals should 
be available when the marketing application is submitted. When the free SMD is a 
well-characterized molecule and is clearly toxic to embryo and/or fetus (e.g., SMD 
is teratogenic or causes embryofetal lethality), an additional embryofetal toxicity 
study with the conjugate may not be essential. Moreover, in accordance with ICH 
S9, these studies may not be essential for conjugates containing cytotoxic SMDs 
when the SMD is genotoxic and toxicities associated with the cytotoxic SMD are 
observed in general toxicity studies, showing toxicities primarily in rapidly diving 
cells (e.g., bone marrow and crypt cells).  

   Clinical Pharmacology 

 The  fi eld of ADCs has taken leaps since gemtuzumab ozogamicin (Mylotarg); the 
 fi rst ADC was approved in 2000 under the Accelerated Approval pathway  [  13  ] . 
Advances in linker and assay technology have allowed the  fi eld to progress over the 
past decade. Moreover, lessons learned from the approval, use, and eventual market 
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withdrawal of Mylotarg in 2010 have led the development of novel ADCs. In the 
ADC of gemtuzumab ozogamicin, for example, approximately 50% of the antibod-
ies are not linked to the calicheamicin derivative  [  13  ] . Improved conjugation meth-
ods and linkers providing greater stability have since been produced  [  1  ] . 

 The selected antigen is among a number of factors that can affect the clinical 
pharmacology pro fi le of the ADC. Certain antigens allow faster internalization of 
the ADC compared to the naked mAb  [  14  ] , while others do not affect the rate of 
internalization  [  15  ] . Upon internalization, the ADC undergoes receptor-mediated 
endocytosis, in which the antigen and antibody are localized in clathrin-coated pits 
 [  10  ] . This rate of internalization affects the half-life of the ADC and the kinetics of 
the SMD. The linker technology used plays a critical role in the activity and potency 
of the ADC. The stability of the drug linker in circulation is essential to providing a 
long half-life for the ADC. SMDs directly linked to mAbs and ADCs with protease-
cleavable linkers have generally been shown to be more stable in circulation than 
disul fi de and hydrazone linkers  [  16–  18  ] . However, as linker technology continues 
to evolve, more stable and favorable linkers will be developed. 

   Analytes 

 Characterization of the clinical pharmacology pro fi le of an ADC is essential during 
product development. Earlier in the development of ADCs, researchers strove to 
determine the levels of each component in the investigational ADC, including the 
conjugate, total SMD, free SMD, total antibody, and free antibody. However, as the 
 fi eld has evolved and more insight has been gained on the analytical challenges in 
ADC development, it has been determined that measuring all of these components 
may not be feasible and essential for characterization of the disposition of the ADC. 
Now, the most important and useful parameters stem from three key measurements 
in systemic circulation: intact conjugate, total antibody  [  19  ] , and free (unbound) 
SMD.    Measurement of these three components is important because the intact 
conjugate plays the role of proving the concept that the entity not only is in fact act-
ing as a conjugate but also is stable in circulation; plasma levels of total antibody 
and unbound SMD give information as to what is happening to the conjugate once 
in circulation. For example, high levels of free SMD would raise both ef fi cacy and 
safety concerns because high SMD concentrations would indicate less drug avail-
able at the target site for exerting ef fi cacy, and a higher systemic exposures could 
lead to greater toxicity. Low levels of total antibody relative to unbound SMD would 
hint premature release of the payload. A measure of these three components would 
be expected to provide concentration–time pro fi les to adequately characterize the 
single- and multiple-dose pharmacokinetics (PK) of the ADC. 

 To optimally design an ADC, it is critical to understand the distribution and exposure 
of the ADC in the body and in various tissues. Ideally, the distribution and accumula-
tion of the three key components would be determined in both target and nontarget 
tissues in addition to that in circulation. This data would support the hypothesis that the 
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ADC provides preferential tumor targeting and exposure compared to nontarget 
containing tissues. The free SMD should have a very low plasma concentration to mini-
mize toxicity due to its systemic exposure. Theoretically, total antibody concentrations 
should be higher than ADC concentrations, which is also what has been observed in the 
clinical studies  [  6,   20  ] . In the case of T-DM1, total trastuzumab has serum concentra-
tions 10,000–100,000-fold higher than DM1, and T-DM1 (conjugate) has serum con-
centrations 1,000–10,000-fold higher than DM1  [  20  ] . This data demonstrates the 
degree to which the levels of the different components in circulation vary. 

 It is critical to determine the levels of SMD early on in nonclinical and clinical 
testing to ensure that there is little free SMD in circulation. A large amount of SMD 
in circulation in comparison to the ADC and total antibody indicates premature 
release of the SMD from the ADC. The levels of SMD in circulation and at the 
target site would also guide further clinical pharmacology development of the ADC. 
For example, characterization of the levels of SMD at the target site and in  circulation 
may explain the onset of certain clinical adverse events. It is of note that although 
assays are designed to measure free SMD, most liquid chromatography linked to 
mass spectrometry (LC–MS) assays limited by the sample extraction technique are 
unable to differentiate between complete free SMD, SMD bound to linker, and 
SMD bound to plasma proteins such as albumin or alpha acid glycoprotein. The 
extent of plasma protein binding of the SMD can be assessed in a separate assay and 
is often useful in characterizing the disposition of the SMD. 

 In addition to those listed above, there may be other entities in circulation result-
ing from the ADC, such as catabolites of the mAb or metabolites of the SMD. The 
metabolism of the SMD should be initially characterized in vitro, before conjuga-
tion with the mAb. Early characterization of the individual components of the 
ADC, the antibody, the SMD, and the linker may dictate the further studies that 
need to be conducted.  

   Assay Development 

 The complexity of the ADC and its various by-products poses a number of challenges 
in developing assay methodologies for both the mAb and SMD. In certain instances, 
the same assay may be used for more than one component. For example, an assay that 
can determine total antibody may also be able to differentiate between the conjugate 
and unconjugated forms of the antibody. A separate assay would be needed to measure 
the drug-to-antibody ratio or drug load of the ADC and how this changes over time. 
Total and free SMD would have to be assessed by a different extraction procedure. 
Thorough characterization of the antibody and the SMD individually prior to analyz-
ing the ADC would be bene fi cial in help predicting the time course of the individual 
components in circulation. Prior determination of metabolites of the SMD would also 
help plan the number and scope of further assays that would need to be developed for 
the characterization of the SMD component of the ADC. 
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 Different ELISA (enzyme-linked immunosorbent assay) methods have been 
used to quantify the conjugate and the total antibody and may differ in format 
( sandwich versus bridging), while LC–MS has generally been used to quantify 
free SMD. Levels of linker-SMD may also be present in circulation although it is 
not expected to be in large amount. Similar to the free SMD, the linker–SMD 
complex can be identi fi ed by LC–MS or other chromatography and spectrometry 
methods; however, as mentioned above, the complex cannot be differentiated 
between speci fi c and nonspeci fi c protein binding. It is useful to identify the amount 
of SMD that is bound to plasma proteins in the early development stage since this 
helps to predict the extent of SMD reaching the site of action. In theory, the amount 
of linker–SMD transfer from the ADC to plasma proteins should be low; however, 
the potential for this transfer still exists. An assay developed to determine the level 
of this transfer will help ensure that the transferred SMD only accounts for a small 
percent of the circulating conjugated SMD. 

 The importance of sensitive bioanalytical methods cannot be overstressed. An 
article by DeSilva et al. covers recommendations for bioanalytical method 
 development and validation that can be applied to assays for ADCs  [  21  ] . Further 
information can be obtained from the FDA Guidance on bioanalytical assays  [  22  ] .  

   Drug-to-Antibody Ratio 

 The DAR (drug-to-antibody ratio), or the number of SMDs per antibody, affects 
the levels of SMD in circulation. The DAR has been shown to have an impact on 
the PK of the ADC. In general, the more loaded the antibody with SMD, the 
more the PK of the ADC behaves like a SMD; the less the SMD loading, the PK 
of the ADC behaves more like the naked antibody. This has been demonstrated 
by changes in the clearance of the ADC with changes of the DAR. As the DAR 
increases, the ADC clears faster from the body and the half-life is shorter. ADCs 
with a DAR of 2–4 have been shown to have a more favorable PK pro fi le (longer 
half-life, slower rate of clearance, and greater ef fi cacy) than more heavily loaded 
conjugates  [  23,   24  ] . However, reducing the DAR can also reduce conjugate yield 
and increase heterogeneity in the average number of payload per antibody. For 
example, attempting to achieve a DAR of 2 has been dif fi cult since a large 
amount of antibody remains unconjugated. The effect of conjugate site and stoi-
chiometry on safety and ef fi cacy of ADCs is not clear and is the subject of con-
tinuing research. 

 It is important to point out that the DAR only refers to the average payload per 
antibody. Each antibody can have several different sites of conjugation, but even with 
improving methods, it remains dif fi cult to control where each SMD is conjugated. 
This leaves a high level of heterogeneity in the conjugates. Moreover, the ADC 
 product contains a distribution of payload as well as some unconjugated antibody.  
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   Immunogenicity 

 ADCs represent a classical hapten-carrier antigen, where the hapten (SMD) is not 
immunogenic on its own, but when conjugated to a carrier protein (mAb), animals can 
mount a heterogenous immune response to the hapten, including Ig class-switched, 
high-af fi nity antibodies  [  25–  28  ] . 

 While most studies of hapten-carrier antigens used a foreign protein as a carrier, a 
few demonstrated anti-hapten immune responses when autologous proteins were used 
as the carrier  [  29,   30  ] . Most therapeutic mAbs currently in development, including 
ADCs, use chimeric, humanized, or human mAbs, all of which can be immunogenic 
 [  31  ] . Therefore, the immunogenic potential of both the SMD and mAb should be 
studied during clinical development. 

 Immunogenicity testing for ADCs is similar to that for a mAb. While in recent 
years, immunogenicity has not resulted in serious adverse events as seen with the 
development of neutralizing antibodies against erythropoietin  [  32  ] , the develop-
ment of immunogenicity can still result in a decrease in ef fi cacy and/or a change 
in PK  [  33,   34  ] . Even some chimeric and humanized antibodies have shown high 
rates of immunogenicity, similar to mouse monoclonal antibodies  [  35  ] . 

 Assay methods for immunogenicity testing have included ELISA and ECL 
(Electrochemiluminescence) for detection of APAs. A tiered approach has been 
often utilized in nonclinical and clinical studies where samples are  fi rst screened for 
APAs and those samples that test positive are further evaluated to determine the 
APA titer. APA positive samples are subsequently evaluated for the ability to neu-
tralize the activity of the ADC. The FDA’s draft guidance for industry on immuno-
genicity describes the multitiered approach and considerations for assay development 
in further detail  [  36  ] . 

 The immunogenicity of ADCs can be complex because it may be dif fi cult to 
determine if the immune response is towards the mAb portion or the linker portion 
of the ADC. In the case of gemtuzumab ozogamicin, two patients developed anti-
body titers against the calicheamicin/calicheamicin-linker portion of the ADC, 
while no patients developed an antibody response to the mAb portion of the ADC. 
Thus, it is important to determine if the APAs that develop are to the linker or to the 
mAb portion of the ADC.  

   Metabolism and Elimination 

 Metabolism studies are not generally performed for biologic products such as 
mAbs because these products are proteins that are degraded into amino acids that 
are then recycled into other proteins. In the case of the ADCs, the SMD portion of 
the conjugate is evaluated for its ability to be metabolized by the liver or gut 
mucosa. Major  metabolites are expected to be further evaluated for their pharma-
cologic activity and PK. 
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 There are a number of factors that contribute to the elimination of mAbs 
including binding to FcRn, binding to target antigen, antigen density, binding to 
Fc  g   receptors as part of the antibody–antigen immune complex, nonspeci fi c prote-
olysis, and the ability of the antibody to reach the site of disease  [  34  ] . Elimination 
studies of the SMD should be conducted, and amount of SMD excreted in urine 
and feces should be measured. Although a mass balance study of the SMD has 
limitations because free SMD behaves differently than conjugated SMD, this 
study would provide insight on the need and extent of possible organ impair-
ment studies. In certain cases, population PK analysis may be used to evaluate 
the effect of organ impairment on the PK of the SMD, which is discussed in 
subsequent sections.  

   Drug Interaction 

 Drug interaction studies constitute an integral part of the clinical pharmacology 
development of SMDs. Generally, a SMD is initially screened in vitro to determine 
whether it is a substrate, inhibitor, or inducer of cytochrome P-450 isozymes (CYPs). 
Whether or not the SMD is a substrate or inhibitor of phase 2 enzymes, P-glycoprotein, 
and other transporters is also assessed. These studies help determine the need for 
in vivo drug–drug interaction studies. 

 In the case of ADCs, these in vitro studies are only conducted for the SMD 
portion of the conjugate. The antibody portion of the ADC is not metabolized by 
CYPs or other drug metabolizing enzymes. Thus, a mAb is unlikely to have an 
effect on these enzymes in terms of inhibition or induction unless the mAb is a 
cytokine modulator.  

   Pharmacokinetic Comparability 

 Manufacturing changes during the development of an ADC can present several chal-
lenges in demonstrating comparability between the pre- and post-change products. 
One approach in PK comparability assessment has been to determine the AUC and 
 C  

max
  of each key component that is characterized in the clinical pharmacology stud-

ies of the ADC. This generally includes the conjugate, total antibody, and free SMD. 
Similar to PK comparability evaluation for other therapeutic biologics, the point 
estimate of the geometric mean ratio with the 90% con fi dence interval for AUC and 
 C  

max
  falling between 80% and 125% has been used to assess the PK comparability 

between the pre- and post-change products  [  37  ] . Examining the intrasubject and 
intersubject variability of the PK parameters would provide additional information 
regarding the PK comparability between the pre- and post-change products.  
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   Organ Impairment 

 Since ADCs behave more like therapeutic proteins than SMDs, the need for hepatic 
or renal impairment studies for ADCs is similar as for therapeutic proteins. Further 
information on renal impairment studies for therapeutic proteins can be found in 
the draft guidance for industry entitled, “ Pharmacokinetics in Patients with 
Impaired Renal Function — Study Design, Data Analysis, and Impact on Dosing 
and Labeling ”  [  38  ] . A recent review of data revealed that therapeutic proteins larger 
than 69 kDa are unlikely to be cleared in the kidneys via glomerular  fi ltration. 
Thus, a dedicated renal impairment study may not be needed for this class of thera-
peutics. In the case of ADCs, a dedicated renal impairment study may be needed if 
the free SMD has substantial systemic exposure and renal elimination. The mass 
balance data generated for the SMD will determine the need for a dedicated renal 
or hepatic impairment study for the SMD. The effect of renal impairment as well as 
hepatic impairment on the PK of the ADCs can also be assessed through population 
PK analyses for both the SMD and the ADC. Additionally, certain safety concerns 
may necessitate organ impairment studies for the ADC; however, this is not gener-
ally the case and would be speci fi c to the product of concern.  

   Exposure-Response 

 The exposure-response analysis is a very useful approach in exploring the relationships 
between the systemic exposure of the ADC and the clinical responses including ef fi cacy 
and safety and may determine the attribution of each component of the ADC to the 
clinical responses. Comparing the exposure of the SMD and the conjugate in terms 
of ef fi cacy and safety would provide an insight of what is occurring in the biological 
system. 

 Population PK analyses can be performed to assess the clinical pharmacology of 
ADCs in various population subgroups. This approach has been used to evaluate the 
effect of various intrinsic factors including, but not limited to, age, weight, gender, 
and race on the PK of the ADCs. Population PK analysis is extremely useful for 
analyzing sparse PK data collected from larger clinical studies in which intensive 
PK sampling may not be feasible  [  39,   40  ] .  

   ECG Evaluation 

 The effect of the ADC on ventricular repolarization as measured by the QT/QTc 
interval needs to be determined during development. While ECG monitoring has 
been suf fi cient in the past for therapeutic mAbs given their low likelihood for ion 
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channel interactions, this may not be the case for ADCs  [  41  ] . Because ADCs have the 
propensity to release SMD into circulation prior to reaching the target and in certain 
instances, the levels of SMD in circulation may be high enough to enter the hERG 
channel leading to the potential for QT/QTc prolongation, an adequate ECG monitor-
ing may be needed. ECG monitoring in early clinical studies may provide safety signals 
as to whether further rigorous evaluation is needed. At a minimum, 12-lead ECG moni-
toring is generally recommended to be taken at baseline, at the time of the maximum 
plasma concentration of the drug, during steady state, and during the follow-up visit 
in early and late clinical studies for an assessment of safety. However, a well-
designed and adequately conducted QT study with ability to detect small QTc changes 
can often eliminate the need for ECG monitoring in multiple clinical trials for cancer 
indications. There are several factors to be  considered when designing a QT study 
such as blood sampling times for PK or immunogenicity, doses being tested, 
 comorbidities, co-medications, and control arm to name a few  [  42–  44  ] .   

   Discussion 

 Clinical research in ADC development is increasing steadily with the FDA see-
ing a number of pre-IND and IND submissions for new ADCs. On August 19, 
2011, the FDA approved brentuximab vedotin (Adcetris), currently the only 
ADC on the market. This recent approval and a greater understanding of the 
science behind ADC development pave the way for future development in this 
growing  fi eld. 

 As the development of ADCs continues, the science behind it is expected to 
evolve and grow. Safety evaluation of ADCs is a dynamic process. As more experi-
ence is gained with this class of products and technology advances to produce con-
jugates containing non-cytotoxic drugs, or containing different types of linkers and 
antibodies (e.g., antibody with double antigen-binding domain), current approaches 
will be reevaluated. In addition, nonclinical studies described above are for products 
indicated for patients with advanced cancers. Consulting appropriate guidances and 
discussing with appropriate FDA divisions are encouraged when the indication 
sought is for a non-life- threatening condition. 

 Clinical pharmacology of ADCs poses several challenges and nuances. The 
experience gained and lessons learned from the SMD development may not 
always apply to ADCs  [  45,   46  ] . Assay design is an important component of the 
development plan where poorly designed assays may indicate the need to reana-
lyze samples or repeat clinical and nonclinical studies. A recent report on assay 
development showed that the quantitation (level of detection) of a speci fi c mAb 
in serum may be different depending on the bioanalytical method used  [  34  ] . 

 As with all therapeutic drug development, the bene fi t must be weighed against 
the risk to patients. Approval decisions will not only be made based on the ef fi cacy 
of an ADC but also the safety pro fi le of the ADC that presents to patients. Not all 
studies are required for each ADC under development, and the nonclinical and 
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clinical pharmacology programs should be tailored to the ADC under development. 
The FDA continues to be open to discussion with industry regarding the science and 
rationale behind recommended studies.      
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  Abbreviations  

  ADC    Antibody–drug conjugate   
  ADCC    Antibody-dependent cell-mediated cytotoxicity   
  CDC    Complement-dependent cytotoxicity   
  DAR    Drug-to-antibody ratio   
  ELISA    Enzyme-linked immunosorbent assay   
  HIC    Hydrophobic interaction chromatography   
  MALDI    Matrix-assisted laser desorption/ionization   
  MS    Mass spectrometry   
  RP-HPLC    Reversed-phase high-pressure liquid chromatography   
  TOF    Time of  fl ight         

   Challenges Associated with Analytical Characterization of ADCs 

 The development of safe and ef fi cacious antibody–drug conjugates (ADCs) requires 
their accurate characterization throughout all phases of the discovery, optimization, 
and development life cycle. This process includes straightforward in vitro charac-
terization, such as measurements of purity, aggregation, and stability, and more 
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complex measurements of drug load, drug distribution, cytotoxicity, internalization, 
and binding to antigen or Fc gamma receptor (Fc g R). Assessment of biological 
ef fi cacy and preclinical safety in vivo requires the deployment of a panel of 
 bioanalytical assays to quantitate total antibody (conjugated and unconjugated), 
 conjugated antibody, free drug, and immunogenicity in plasma samples from a 
 variety of animals used in preclinical studies. The sum of these data allows thorough 
assessments of ADC plasma stability, pharmacokinetics, safety, and ef fi cacy. 

 The current analytical methods used to characterize ADCs evolved from assay 
 methods and technologies previously implemented to investigate either small mol-
ecule cytotoxic compounds or therapeutic antibodies. The complete analytical 
pro fi ling of ADCs requires methods geared to evaluating their multicomponent 
properties such as the average number of drugs on the antibody (drug-to-antibody 
ratio or DAR) and  location of drug on the antibody (drug distribution). The drug 
heterogeneity of ADC’s is one of the challenging characteristics that requires addi-
tional evaluation and method development compared to an unconjugated antibody. 
Depending on the conjugation method, ADCs can be a mixture of different antibod-
ies with different drug loads where the number of drugs on each antibody molecule 
can vary. The variation in this DAR generally results in antibodies with 0–8 drugs, 
depending on the conjugation chemistry and the  fi nal targeted average DAR. 
Because the number of drugs per antibody can in fl uence the antigen binding, 
potency, clearance, and possibly the bio-distribution and toxicity of the ADC, it is 
necessary to measure precisely the different circulating ADC DAR species. A sec-
ond challenging characteristic of ADCs is the fact that the  conjugation chemistry 
can result in positional heterogeneity. Thus, the antibodies with similar DAR may 
differ signi fi cantly as a result of different positions of the small molecules on the 
antibody. When the primary sites used for protein-directed conjugation are the 
lysine amino groups or the sulfhydryl groups of the interchain cysteine residues on 
the ADC molecule, this can yield a heterogeneous mixture with respect to the 
distribution of  cytotoxic drug species. These unique characteristics of drug loading 
and distribution heterogeneity of ADCs represent unique analytical challenges 
because the different  subpopulations for a given ADC could have different bio-
logical properties. 

 In addition to the increased level of ADC complexity due to drug load and 
 position on the antibody, covalent conjugation of drug to antibodies can affect ADC 
stability, solubility     [  1–  3  ] , and binding  [  4  ] . Thus, depending on the characteristics of 
the drug, the linker, and the conjugation site, analytical methods that can be applied 
to the parent antibody may not always be applicable to the ADC or may yield 
 misleading information. The challenge for the researcher is to build upon the 
 methods used for analyzing the parent small molecule drug and unconjugated 
 antibody to devise new, unique assays that are appropriate for the speci fi c  conjugation 
process and heterogeneity of the ADC’s in question. In this respect, some methods 
have been more challenging than others to optimize for analyzing ADCs.  
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   ADC Analytical Methods and Applications 

 There are a variety of assay methods that have been used to analyze ADCs, many of 
which have recently been captured in comprehensive reviews  [  5,   6  ] . Wakankar et al. 
 [  5  ]  published a thorough review of analytical methods for physicochemical 
 characterization of ADCs, while Stephan et al.  [  6  ]  discussed analytical and bioanalytical 
assays and their challenges. Summaries of some of the more challenging methods and 
assays used to characterize ADCs are highlighted in this chapter (Table  3.1 ).  

   Chromatography 

 Chromatographic separation of ADCs and their enzymatic digests can provide 
important information such as the number and location of conjugation sites, amount 
of free drug, and average DAR. Chromatography is also a useful tool to purify DAR 
fractions used for assay characterization. Chromatographic methods based on 
 hydrophobicity (reversed-phase high-pressure liquid chromatography—RP-HPLC, 
hydrophobic interaction chromatography—HIC), charge (ion-exchange 
 chromatography), and size (size-exclusion chromatography) have all been used to 
help characterize ADCs. Reversed-phase high-pressure liquid chromatography 
(RP-HPLC) has been used to separate and quantify intact ADCs and their light and 
heavy chain fragments with different drug loads for characterization of ADCs, DAR 
fractions, and free drug content. This column separation uses alkyl chains bonded 
covalently to the support surface and a nonpolar stationary phase at high column 
temperatures (60–80°C) for high resolution of intact antibody. For example, 
RP-HPLC has been used to determine the location of drug attachment to the anti-
CD30 antibody heavy and light chains  [  7,   8  ]  and to determine DAR of conjugates 
containing auristatin drugs  [  9–  12  ] . This method has also been used to determine 
free drug levels in various ADCs  [  7,   9,   13–  16  ] . For instance, RP-HPLC in combina-
tion with mass spectrometry (MS) has been used to monitor the free drug species 
released in plasma  [  15  ]  and in cultured tumor cell lines  [  17  ] . RP-HPLC polymer 
columns such as PLRP-S (Agilent, Santa Clara, CA, USA) with porous,  hydrophobic, 
nonbonded stationary phases are routinely used to analyze intact ADCs or ADC 
fragments. However, heat and the use of denaturing mobile phases (containing 
organic solvents such as acetonitrile and acid modi fi ers) are usually necessary for 
resolution and recovery of the protein molecules from the column. These conditions 
do not preserve the native structure of the ADCs. 

 HIC is another chromatographic separation technique, which has been used to 
analyze ADCs. However, this technique can also be used to purify intact ADCs as it 
can have mild binding and elution conditions. Like RP-HPLC, HIC relies on the change 
in hydrophobicity imparted by conjugating one or more hydrophobic linker-drug 
 moieties to an antibody. Successful resolution of DAR species depends on the 
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 hydrophobic nature of both the antibody and the linker-drug used. There are a variety 
of stationary phases available (phenyl, butyl, hexyl) with different hydrophobicity 
and selectivity characteristics. High salt aqueous mobile phases are generally used 
to bind the protein followed by elution with decreasing salt gradients. These mild 
binding and elution conditions typically maintain the native structure of the conju-
gated antibodies and allow the antibody to remain intact during analysis, even if the 
interchain disul fi de bond is reduced during the conjugation process. ADC species 
puri fi ed by preparative HIC retain their cytotoxic activities and have been used to (i) 
determine the effects of drug loading on ef fi cacy and toxicity in vitro and in vivo 
 [  10  ] , (ii) evaluate ADC stability in plasma from treated animals  [  18  ] , (iii) evaluate 
conjugation methodology  [  7  ] , (iv) characterize the distribution of drug-linked species 
and determine the average DAR  [  12  ] , and (v) investigate the impact of assay format 
on the detection of different DAR species  [  4  ] . 

 Other forms of chromatography such as ion-exchange chromatography have 
been used to estimate the heterogeneity  [  19  ]  and drug distribution of ADCs (e.g., 
Mylotarg™,  [  20  ] ), while size-exclusion chromatography has been used to (i) char-
acterize ADCs for protein fractionation, aggregation or contaminant removal, and 
degradation during storage in liquid formulations  [  21  ] , (ii) to analyze the drug 
 distribution  [  22  ] , and (iii) to study the thermal stability  [  23  ] . 

 There are a variety of challenges associated with analyzing ADCs using chroma-
tography. With RP-HPLC, conjugates produced using linkage through lysine 
 residues are not easily resolved due to their high degree of heterogeneity, and thus, 
this method generally yields only enriched fractions of lysine conjugates for assay 
characterization  [  4  ] . In contrast, HIC puri fi cation of cysteine conjugates can readily 
yield speci fi c DAR fractions; however, conjugation with a particularly hydrophobic 
drug can alter the solubility of an antibody  [  1  ]  or can lead to increased column 
retention time and peak tailing  [  9  ] . Addition of an organic modi fi er, such as 
 acetonitrile or 25% propylene glycol, to the mobile phase has been used  successfully 
to improve chromatographic performance  [  2,   14  ] ; this may be by altering aggre-
gated states of the drug in solution.  

   Immunoassays 

 Immunoassays are the most common methods used to characterize ADCs. These 
assays can be used to measure the ADC binding to target protein; quantitation of 
ADC, antibody, and drug; stability of the linker and the drug; Fc g R binding; and 
immunogenicity. These measurements are important for understanding the 
ef fi cacy, pharmacokinetics, and safety of ADCs. Enzyme-linked immunosorbent 
assays (ELISAs) have commonly been used to evaluate ADC concentrations and 
antigen binding. 
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   Speci fi c Total Antibody ELISA 

 Total antibody ELISAs are commonly used to measure the concentration of ADCs 
with a DAR higher (conjugated) or equal to 0 (unconjugated). These assays usually 
rely on the antibody target antigen or anti-idiotypic antibody as coat material to 
capture the antibody on a plate, and the binding of the ADC to the antigen-coated 
wells is then detected using a species-speci fi c anti-immunoglobulin secondary anti-
body coupled to an enzyme  [  4,   24  ] . When an antigen or an anti-idiotypic antibody is 
used in an ELISA, the assay is referred to as a speci fi c ELISA. For example, speci fi c 
ELISAs using an antigen as capture have been used to quantitate ricin A chain-
conjugated anti-human  a -fetoprotein  [  13,   24  ] , anti-CD33-calicheamicin ADC  [  25  ] , 
Trastuzumab-DM1  [  26  ] , anti-MUC16-vc-MMAE  [  12  ] , and  anti-GPNMB-vc-MMAE 
 [  27,   28  ] . Anti-idiotypic antibodies have also been utilized as capture to quantify 
ADC total antibody for anti-CD30 cAC10 vc-MMAE  [  10  ] , anti-PSMA-DM1  [  29  ] , 
anti-CD30-vc-MMAE  [  8,   18,   30  ] , anti-CD70-vc-MMAF  [  31  ] , and anti-Steap1 
MC-vc-PAB-MMAE  [  32  ] .  

   Generic Total Antibody ELISA 

 In the absence of antigen or anti-idiotypic antibody, generic ELISAs (using anti-
human IgG or anti-Fc for both capture and detection) have been implemented to 
quantitate ADCs in preclinical PK studies. For example, in a generic total antibody 
ELISA used to measure huC242-DM1 in mouse plasma (cantuzumab mertansine, 
 [  33  ] ), the capture reagent was an antibody that recognizes all human IgG (hence the 
term generic) rather than an antigen that is speci fi cally recognized by the variable 
region of the ADC.  

   Semi-homogeneous ELISA 

 We have shown that semi-homogeneous ELISAs, where both the capture and detection 
antibodies are allowed to form a complex with the ADC prior to immobilization on a 
plate, provide a signi fi cant advantage for characterizing ADCs with different drug 
loads. This assay format can bridge a biotinylated antigen, anti-idiotypic antibody, or 
anti-human IgG antibody with the ADC in the sample and an anti-human Fc or IgG-
HRP detection antibody. The complex formed during a preincubation step can then 
be captured on either streptavidin- or neutrAvidin-coated plates and washed prior to 
detection. To select the optimal assay reagents and format for quantitating an ADC, 
it is recommended to  fi rst characterize ELISAs using puri fi ed or enriched ADC DAR 
fractions. These ELISAs yield comparable concentration results for antibodies with 
different drug loads whereas concentration data from sequential ELISAs can vary 
depending on the ADC DAR (unpublished). Thus, the semi-homogeneous ELISA, 
with its reduced washing, offers advantages, especially when it is necessary to quan-
tify a mixture of DARs generated during the conjugation process.  
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   Competitive ELISA 

 Competitive ELISAs have also been used to help characterize ADCs. For a competition 
ELISA, the higher the sample concentration (ADC or free drug), the weaker the 
eventual signal. In general, a capture molecule (target antigen or antidrug antibody) 
is coated onto a plate in order to bind a  fi xed amount of labeled-detection reagent 
(ADC or free drug). Standards or samples containing ADC or free drug  (competitor) 
are titrated and preincubated with the  fi xed labeled-detection reagent. The mixture 
is then added to the pre-coated wells, washed, and detected. There are few examples 
of using competitive ELISAs to quantitate total antibody  [  34  ] , as compared to using 
competitive assays to measure free drug  [  18,   25,   28,   29,   33–  36  ] . Tolcher et al.  [  34  ]  
reported the use of an anti-idiotypic antibody in a competition ELISA measuring 
anti-MUC1-DM1 in human plasma from a phase I clinical study. In this study, the 
assay lower limit of detection was 1.56  m g/ml, indicating that this method was 
signi fi cantly less sensitive than other quanti fi cation methods. Competition ELISAs 
have more frequently been used to measure free drug. For example, this assay has 
been implemented to detect free maytansinoid in various samples  [  33–  35  ]  and to 
quantify calicheamicin  derivatives  [  25  ] . The competition ELISA is particularly useful 
in measuring the average drug quantity conjugated to an antibody by quantifying free 
drug after induced release. For example, Sanderson et al.  [  18  ]  determined the total 
amount of MMAE bound to  circulating cAC10-vc-MMAE, by incubating plasma 
samples with cathepsin B and then detecting the drug in a competition ELISA.  

   Conjugated Antibody ELISA 

 Although preexisting ELISA formats have been useful to characterize ADCs by 
measuring total antibody concentration and free drug, measurement of the conjugated 
ADC has required speci fi c assay development. One such assay, the conjugated anti-
body ELISA, measures only antibody with drug attached (DAR greater than or 
equal to 1) and does not measure unconjugated antibody. This is done by capturing 
the drug portion of the ADC using an antidrug antibody in combination with an 
extracellular domain or anti-idiotypic antibody (speci fi c conjugated antibody 
ELISA) or in combination with an anti-human IgG antibody (generic conjugated 
antibody ELISA). Quanti fi cation of drug-loaded antibody is particularly useful for 
understanding exposure, drug pharmacokinetics, and pharmacodynamics in in vivo 
ef fi cacy studies. Measurement of the percent conjugation (relative amount of conju-
gated antibody compared to total antibody) can be used as a general indicator of 
linker stability  [  37  ] , which is useful in evaluating linker stability in plasma either 
in vitro or ex vivo. For instance, Sung et al.  [  38  ]  determined linker stability in a 
human anti-CD70 antibody conjugated to a prodrug containing DNA alkylating 
cytotoxic drug A using a speci fi c total and conjugated antibody assay. For conju-
gated antibody assay quantitation, many investigators have used antidrug-speci fi c 
antibodies as capture reagents, while others have used antidrug antibodies as detection 
reagents (Table  3.2 ).   
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   Immunoassay Challenges 

 A challenge with using immunoassays to characterize ADCs has been that as drug is 
released from the ADC in circulation, the resulting changes in DAR may lead to ADCs 
that are different from the ADC used as assay standard. Another challenge is that 
drug conjugation to the antibody has the potential to alter binding of ADC to its 
capture and/or detection reagent. This is generally not observed with assays where 
only one binding site is required for measurement (e.g., SPR, FACS). For example, 
different total antibody ELISA formats and reagents have been shown to impact the 
binding of ADCs. The extent of this impact depends on which linker and drug is 
conjugated to the antibody (e.g., MCC-DM1, MC-MMAF, vc-MMAE). Stephan 
et al.  [  4  ]  demonstrated the impact drug load has on the ADC quanti fi cation with 
ELISAs, by comparing the quanti fi cation of ADCs in different assay formats, 
 utilizing enriched fractions of anti-CD22-MCC-DM1 (average DAR of 0, 1, 3.1, 
4.2, 6.5 and 8.5) and puri fi ed DAR fractions of anti-CD22-MC-MMAF (DAR0, 2, 
4, 6 and 8). In this way, the authors evaluated the negative impact of increasing 
DM1 load on the antigen-binding activity of the ADC. Because the in fl uence of 
drug load on the total antibody assay can be assessed using DAR fractions, it is best 
to evaluate the recovery of these fractions in different assay formats. A challenge 
speci fi c to conjugated antibody ELISAs is that when using antidrug antibodies as 
capture, they may not measure all ADCs of different drug loads equally, while 
assays using antidrug antibodies as detection may not provide detection signals 
 proportional to the number of drug molecules  [  4,  12,  18  ] . In general, ELISAs using 
antidrug as coating antibody tend to be less sensitive to differences in drug load 
( [  39  ] ; Phillips et al. 2008;  [  4  ] ), compared to the ELISAs using antidrug antibodies 

   Table 3.2    Antidrug antibodies used in conjugated Ab ELISAs   

 Target  Antidrug antibody 
 Antidrug antibody 
used as capture 

 Antidrug 
antibody used 
as detection 

 Anti-CanAg-DM1  Anti-DM1   [  33,   35  ]    [  34  ]  
 Anti-B7-H4-DM1  Anti-DM1   [  39  ]  
 Anti-HER2 T-DM1  Anti-DM1   [ 26   ]  
 Anti-CD22 MCC-DM1  Anti-DM1   [  4  ]    [  4  ]  
 Anti-CD25-ricin A-chain  Anti-Ricin    [ 40 ,  41  ]  
 Anti-CD30-vc-MMAE  Anti-MMAE   [  18  ]    [  18  ]  
 Anti-MUC16-vc-

MMAE ch3A5 
 Anti-MMAE   [  12  ]  

 Anti-GPNMB-vc-MMAE  Anti-MMAE   [  28  ]  
 Anti-Steap1-vc-MMAE  Anti-MMAE   [  32  ]  
 Anti-CD22-MC-MMAF  Anti-MMAF   [  4  ]    [  4  ]  
 Anti-CD70-MC-MMAF  Anti-MMAF   [  31  ]  
 Anti-CD22-calicheamicin  Anti-calicheamicin   [  42  ]  
 Anti-CD22-calicheamicin  Anti-calicheamicin   [  36  ]  
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as detection  [  4,   18  ] . Thus, the extent of drug impact binding is dependent upon the 
antibody reagents used, emphasizing the value of characterizing assays with 
enriched or puri fi ed DAR fractions.   

   Mass Spectrometry 

 MS has been utilized to evaluate linker stability, analyze free drug and metabolites, 
characterize DAR fractions, and more recently to determine the relative ratios of 
ADCs with different DARs. The MS principle consists of ionizing molecules to 
generate charged species or molecular fragments and measuring their mass-to-
charge ratios. Speci fi c MS methods used to characterize ADCs include electrospray 
ionization MS (ESI-MS), coupled to time-of- fl ight (TOF)  [  43,   44  ]  or triple quadru-
pole mass detectors  [  45  ] . Used in combination with HIC and RP-HPLC, MS (LC–MS) 
or MS/MS (LC–MS/MS) has been used to (i) analyze the structural or composi-
tional characteristics of huN901-SPP-DM1  [  46  ]  and C242-DM4  [  22  ] , (ii) evaluate 
linker stability of 1F6-C4v2-bac-MMAF  [  31  ] , (iii) analyze the number of drugs 
conjugated per antibody to Thio-trastuzumab-MC-vc-PAB-MMAE and 
-MPEO-DM1  [  12,   47  ] , (iv) investigate the impact of assay formats on the detection 
of anti-CD22-MC-MMAF  [  4  ] , (v) elucidate the exact position of a coumarin linker 
conjugation  [  48  ] , and (vi) determine the relative ratios of ADCs with different DARs 
 [  43,   49  ] . The latter authors developed a method to immuno-af fi nity purify ADCs 
using antigen-coated beads, followed by reversed-phase chromatographic  separation 
and analysis by electrospray quadrupole TOF MS. Using this approach, the relative 
percentage of ADCs with different DARs was determined. The characterization of 
plasma trastuzumab-MCC-DM1 was performed by capturing the ADC using a 
 target receptor extracellular domain or an antidrug mouse monoclonal antibody 
immobilized onto a membrane or a bead-based support. The immobilized ADC was 
then washed and eluted and analyzed by LC–MS. This method also successfully 
identi fi ed antibody species whose mass was consistent with drug loss from 
 engineered site-speci fi c ADCs  [  43,   44  ] . Finally, concentrations of free drug released 
from the ADCs in samples from in vivo plasma or plasma stability studies can be 
measured using LC–MS/MS, as is common practice for small molecule therapeu-
tics  [  9,   15,   32  ] . Aliquots of cAC10-vc-MMAE incubated in human, mouse, or dog 
plasma were analyzed by LC–MS/MS for the release of free MMAE  [  15  ] . 

 Matrix-assisted laser desorption/ionization (MALDI) is a soft ionization tech-
nique allowing analysis of biomolecules, which tend to fragment when ionized. 
When combined with UV (UV MALDI-TOF MS), MALDI has also been used to 
characterize ADCs. For example, MALDI has been used to compare unconjugated 
antibody with ADCs conjugated through lysine residues to calicheamicin, 
 methotrexate, or mitoxantrone  [  3,   50  ]  and lysine-linked conjugates prepared using 
activated paclitaxel  [  51  ] . Infrared combined with MALDI (IR/MALDI) has been 
used to analyze calicheamicin conjugates  [  52  ] . Finally, MALDI-TOF MS has been 
used to measure levels of DOTA and DM1 on PSMA antibody conjugates  [  53  ]  and 
to measure levels of drug conjugation of anti-B7-H4 to DM1  [  39  ] . 
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 One of the challenges of MS is that it assumes that all species, whether of high 
or low drug load, ionize the same as the unconjugated species. Thus, the  integration 
of the deconvoluted mass spectrum used to estimate the DAR assumes equivalent 
recovery and ionization of all species. This may not always be the case since drug 
conjugation to positively charged amines leads to changes in both charge and 
hydrophobicity. Therefore, it is important to evaluate that all antibody  speciesionize 
 similarly during method development. Additionally, hydrolytically labile linkers 
(such as those containing a hydrazone) can be affected by the acidic LC/MS 
 conditions or by acidic matrices frequently used for MALDI analysis, resulting in 
erroneous DAR assignments. MS-based approaches used to analyze ADC DAR 
ratios face another challenge. Although MS-based approaches can be readily 
 implemented for lysine residue conjugations where intact disul fi des are present 
and the antibody chains do not dissociate in the presence of the denaturing condi-
tions used to effect chromatography and ionization, it is more challenging for 
 characterization of ADCs conjugated via maleimide linkage to cysteine residues 
(unless the cysteine residues are engineered outside the internal disul fi de bonds). 
Conjugation of drugs to the interchain disul fi de bonds leaves the antibody held 
together with mostly noncovalent bonds, which inevitably dissociate under the 
conditions used for optimal resolution and ionization. It has been recently shown 
that, if analysis occurs in the absence of organic solvent and acidic ion-pairing 
reagents, this softer ionization may allow the heavy and light chain of the ADC to 
remain together  [  54  ] .  

   Ultraviolet–Visible Spectrophotometry 

 Ultraviolet–visible spectrophotometry (UV/Vis) has been used historically to ana-
lyze ADCs, in order to detect impurities and determine average DAR and ADC 
concentrations. Using the measured absorbances of the ADC and the extinction 
coef fi cients of the monoclonal antibody at its  A  

max
  of ~280 nm and the drug at its 

 A  
max

 , the individual concentrations of monoclonal antibody and drug can be calcu-
lated. Examples of this include the characterization of the vinca alkaloid conju-
gate 4-desacetylvinblastine  [  14  ] , maytansinoid DM1  [  55  ] , doxorubicin  [  56  ] , 
calicheamicin analogues  [  57  ] , and dipeptide-linked auristatins such as MC-vc-
MMAE  [  10  ] . Hamblett et al.  [  10  ]  con fi rmed the quanti fi cation of a different drug-
loaded ADC by comparing the results obtained using UV analysis described above 
with those obtained with chromatographic (HIC) methods. This method requires 
that the UV/Vis spectra of the drug and of the unconjugated antibody have differ-
ent   l   

max
  values  [  10,   14,   55–  57  ] . Another challenge is that the extinction coef fi cient 

or   l   
max

  of the drug may change once bound or in a different buffer. Siegel et al. 
 [  50  ]  demonstrated some of these differences when using UV by comparing UV/
Vis to UV-MALDI MS.  
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   Cell-Based Viability Assays: Anti-proliferation and Cytotoxicity 

 Cell-based viability assays can be used to measure the in vitro anti-proliferative 
ef fi cacy and cytotoxicity of ADCs. ADC potency studies are typically conducted 
by comparing the anti-proliferative activity of the ADC with that of the unconju-
gated antibody, using paired or distinct cell lines that do or do not express the 
ADC surface antigen. Frequently, a nonrelevant drug-conjugated antibody may be 
used as a negative control. In practice, mammalian cells expressing a target pro-
tein are exposed to the ADC for a period of about 6 h to 5 days, and cell viability 
is assessed during this time period or at a speci fi c end point. A variety of methods 
for evaluating cell viability have been used, including cell counting  [  55  ] , dye 
exclusion  [  24  ] , dye reduction  [  58  ] , and incorporation of radiolabeled precursors 
 [  59,   60  ] . Colorimetric approaches  [  61  ]  that use dyes such as Alamar Blue  [  62  ] , 
Vybrant™, and UptiBlue™ or to monitor cellular metabolic activity  [  8,   17,   63  ]  
are also extensively used. CellTiter-Glo™, another indicator of metabolically 
active cells that indirectly monitors ATP levels, is frequently used to measure the 
cellular anti-proliferative activity of ADCs ( [  12,   64,   65–  67  ] ). 

 In addition to understanding the ef fi cacy of an ADC, the mechanism of action is 
also important. ADC-induced target cell killing can also be mediated via 
   antibody-dependent cell-mediated cytotoxicity or ADCC. ADCC is a cell-mediated 
reaction in which nonspeci fi c cytotoxic cells that express Fc receptors recognize 
bound antibody on a target cell leading to their lysis. Because certain ADC 
 conjugation techniques involve limited reduction of intra- or interchain disul fi de 
bonds by treatment with reducing agents, the potential for the ADC to bind to Fc 
receptors and trigger ADCC may be altered and thus needs to be evaluated. An 
example of ADC conjugation reducing Fc binding has been shown by  [  68  ] , where 
amine coupling at high load ratios had a signi fi cant effect on binding to the Fc 
domain. A typical ADCC assay consists of treating a target cell line, which may 
have been pre-labeled and is expressing the surface-exposed antigen of interest, 
with the ADC. After washing, effector cells expressing Fc receptors are coincubated 
with the ADC-treated target cells. Target cell lysis is subsequently quantitated by 
measuring the release of intracellular label or enzyme using a scintillation counter, 
 fl uorometer, or spectrophotometry. ADC, unconjugated antibody, and an ADCC 
positive control are generally evaluated during assessment of ADCC. In addition, 
the ADC should also be tested without the addition of effector cells to ensure that 
there is no killing by the ADC within the duration of the assay. ADCC assays have 
been used to investigate the mechanism of action of ADC-induced cell death  [  69,   70  ] . 
For example, DiJoseph et al.  [  69  ]  utilized CD22 expressing Ramos B-lymphoma 
cells as target cells and peripheral blood mononuclear cells as effector cells in the 
presence of an anti-CD22 antibody covalently linked to calicheamicin. These 
authors treated the Ramos cells with anti-CD22 calicheamicin conjugate for 4 h at 
37°C, and then, the release of LDH in the cell-free culture medium was assessed 
using a Cytotox-1 homogeneous membrane integrity assay. The negative controls 
included Ramos cells alone, PBMCs alone, a mixture of Ramos cells and PBMCs 
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in the absence of antibodies, Ramos cells and antibodies without PBMCs, and 
PBMCs and antibodies without Ramos cells. Maximum release of LDH was derived 
from cells treated with the lysis buffer. They found the ADC not to have effector 
function, thus attributing potency to ef fi cient internalization and subsequent intrac-
ellular delivery. 

 Another cell-killing mechanism is complement-dependent cytotoxicity (CDC) in 
which complement-dependent cell lysis occurs as a result of binding of antibody to 
the cell surface and subsequent activation of the complement pathway. CDC assays 
can assess whether a molecule ADC causes lysis of target cells in the presence of 
complement can be assessed using complement for either normal human serum or 
rabbit serum  [  69,   71,   72  ] . DiJoseph et al.  [  69  ]  treated Ramos cells with anti-CD22 
antibody covalently linked to calicheamicin for 4 h at 37°C with or without mouse 
blood serum as a source of murine complement. CDC assays, in the context of 
in vivo ef fi cacy studies, provide critical data for the characterization of the ADC. 

 The potent anti-proliferative or cytotoxicity activity of many ADCs can pose a 
challenge for measuring antigen binding in a cellular context, because any binding 
assessment that may require an incubation of more than 12 h can cause cell death. 
Cell-based assays with short incubation times such as cell-binding assays (30 min to 
several hours) or even CDC assays are less impacted by this issue, although even these 
assays are performed using the unconjugated antibody as control along with the ADC. 
However, evaluating certain ADC-induced cell killing can be more dif fi cult. Thus, 
these assays require careful optimization of the time course of cell growth. The 
 challenge of monitoring the timing cell growth can be minimized by applying real-
time cell-based technologies such as Incucyte™ (Essen BioScience, Ann Arbor, MI) 
or xCELLegence™ (Roche, Indianapolis, IN, USA). Both of these technologies 
allow faster optimization of the best end point of assays measuring potency or anti-
proliferation. Another challenge with anti-proliferation assays is that the drug portion 
of the ADC could be released before reaching the incubation time required to measure 
cell killing. For example, Sharkey et al.  [  58  ]  showed that despite differences in anti-
gen expression, Emab–SN-38 and Vmab–SN-38 had similar potencies as the non-
binding Lmab–SN-38 anti-anti-CEACAM5 conjugate in a MTS dye assay. This was 
likely due to dissociation of SN-38 during the 4-day assay. Annexin V staining after a 
1-day exposure also failed to  fi nd differences between untreated and treated cells. 
Because these conjugates require a 48-h exposure before early signs of apoptosis 
could be seen, it was concluded that in vitro testing would not be able to discriminate 
the potency, and therefore, the authors resorted to in vivo studies  [  58  ] .   

   Conclusion 

 Although there have been efforts made to minimize ADC heterogeneity using 
 reduction/oxidation strategies  [  7  ]  and protein engineering of antibodies where 
 serine residues replace interchain cysteines  [  8  ] , or cysteine residues are engineered 
at sites selected for drug conjugation  [  12,   73  ] , due to the complex structural nature 
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of ADCs, appropriate ADC characterization is required. Preexisting and novel 
bioanalytical strategies have been required to support the characterization of a 
growing collection of novel ADCs that have emerged from drug discovery pipe-
lines. In this review, we have attempted to emphasize some of the particular chal-
lenges of some of the current methods used to characterize these ADCs. Although 
we continue to overcome analytical challenges of our current tools used to charac-
terize ADCs, development of new assay technologies for implementing bioanalytical 
methods will allow for better understanding of ADCs in vivo.      
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   History of ADCs 

 Antibody–drug conjugates (ADCs) are monoclonal antibodies (mAbs) linked with 
cytotoxic agents through a linker. They are designed to selectively deliver the 
cytotoxic agent to tumor cells via tumor-speci fi c and/or overexpressed cell surface 
antigens. Targeted delivery of the cytotoxic drugs to tumors means that ADCs 
have the potential to harness and improve their antitumor effects while minimizing 
the impact on normal tissues. 

 The concept of ADC as a platform for targeted delivery of cytotoxic agents 
has been around for over 25 years (Fig.  4.1 ). Four products have been launched 
in the past 10 years. The  fi rst ADC approved was in 2000, Mylotarg®, with cali-
cheamicin as the cytotoxic agent and a hydrazone linker. The antibody in 
Mylotarg® targets CD33 antigen that is expressed in malignant plasma cells of 
myeloid lineage and was approved for treating Acute Myeloid Leukemia. It is 
linked to the cytotoxic agent calicheamicin via the acid-labile hydrazone “AcBut” 
linker. Approximately 50% of the mAb is loaded with 4–6 calicheamicin per 
molecule in Mylotarg® and the rest is unconjugated. However, in 2010, this ADC 
was withdrawn from the market because of product safety and lack of ef fi cacy 
concerns  [  1  ] . 

    Bexxar® (2003)  [  2  ]  and Zevalin® (2002)  [  3  ] , both approved for treating Non-
Hodgkin’s lymphoma (NHL), contain radiolabeled antibodies, I131 and Y90, 
respectively and target CD20 antigen. These approved radioimmunoconjugates can 
be viewed as a separate class of ADCs as they pose challenges that are unique to 
their class. Due to the nature of their radioactivity (type of radioactive energy, 
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 radioactive decay) and poor internalization at target site, accumulation of radioac-
tivity in normal tissues is common. Further, loss of radiolabel due to dehalogenation 
and metabolism in systemic circulation is also likely. In the past decade advances in 
mAb and conjugation  technology have produced a new generation of ADCs with 
more desirable attributes. More recently Adcetris ® , a CD30-directed ADC was 
approved  [  4  ] . Based on response rate this ADC was approved for the treatment of 
patients with Hodgkin’s lymphoma (HL) after failure of autologous stem cell trans-
plant (ASCT) or after failure of at least two prior multiagent chemotherapy regi-
mens in patients who are not ASCT candidates. It was also approved for the treatment 
of patients with  systemic anaplastic large cell lymphoma (ALL) after failure of at 
least one prior multiagent chemotherapy regimen   .  

 There are over 40 ADCs in various stages of clinical development, Phase I through 
III. Each of these ADCs has different target, linker, and/or cytotoxic agent 
 characteristics that make them distinct from one another. Trastuzumab emtansine 
(T-DM1) belongs to the newer generation of ADCs and is in late stage clinical 
 development for treating solid tumors. Several con fi rmatory, randomized, 
 international, multicenter, Phase III trials (EMILIA, MARIANNE) are underway 
for T-DM1 for treating HER2-positive cancers  [  5  ] . Another ADC in late stage devel-
opment is Inotuzumab ozogamicin (CMC-544) for treating NHL. In this case, the 
cytotoxic agent from the class of calicheamicins similar to Mylotarg® is linked to a 
humanized mAb (for CD22). It is undergoing several clinical trials for treating NHL 
and acute lymphoblastic leukemia. 

 From a clinical pharmacology perspective, the biggest challenge is to identify the 
component that is most likely to contribute to the safety and ef fi cacy of the product. 
Because ADCs contain both small and large molecules (biologic) as components, 

  Fig. 4.1    The history of ADCs.  AML  acute myeloid leukemia,  NHL  non-Hodgkin’s lymphoma, 
 HL  Hodgkin’s lymphoma,  ALL  anaplastic large cell lymphoma       
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it is unclear whether a small or large molecule drug development paradigm is 
 appropriate and given the recent advances in technologies there is limited relevance 
of approved ADCs like radioimmunoconjugates and Mylotarg®, primarily due to 
 differences in linker-cytoxic agent stability for the newer ADCs compared to earlier 
ones. Further, the historical precedence is limited and not entirely applicable towards 
the new generation of ADCs. Lack of speci fi c guidance around global development 
of ADCs is also limiting.    There are also increased regulatory expectations around 
establishing exposure–safety and exposure–ef fi cacy relationships for a new molec-
ular entity now than a decade ago. 

 Therefore, designing a customized clinical pharmacology strategy incorporating 
relevant aspects of small molecule and large molecule drug development strategies 
to address safety and ef fi cacy (patient and regulatory needs) is probably the best 
approach. Given the in-depth clinical pharmacology experience gained with T-DM1, 
currently in development for treating metastatic breast cancer (MBC), strategies 
applied are highlighted and discussed in this chapter. The recent approval of 
Adcetris® also sheds some light on the clinical pharmacology of ADCs  [  4,   6  ] . 

 T-DM1 is an ADC that contains DM1 linked to the humanized anti-HER2 IgG1, 
trastuzumab, primarily through antibody lysine residues using the heterobifunc-
tional reagent, succinimidyl trans-4-[maleimidylmethyl]cyclohexane-1-carboxylate 
(SMCC) (Fig.  4.2 ).   

   Clinical Pharmacology Testing Strategy 

 The clinical pharmacology of T-DM1 incorporates elements of small molecule and 
mAb (large molecule) development strategies. Given the structural complexity, 
multiple analytes were measured across Phase I and Phase II clinical pharmacology 

  Fig. 4.2    Trastuzumab emtansine structure and complexity       
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studies to characterize the pharmacokinetics (PK) of T-DM1, including, but not 
limited to the primary analyte T-DM1 (conjugate) and other analytes such as total 
trastuzumab (TT) and the cytotoxic agent DM1. Demographic and pathophysio-
logic covariates likely to impact the clearance of T-DM1 were assessed using popu-
lation PK. Exposure–response (safety/ef fi cacy) analyses were conducted. The 
potential for QT interval prolongation and potential for drug interaction were 
assessed early in clinical development. An integrated modeling and simulation 
(M&S) strategy was implemented to maximize the opportunity to better understand 
pharmacokinetic/pharmacodynamic (PK/PD) relationships. The potential for immu-
nogenicity was also evaluated by a tiered approach, measuring antitherapeutic anti-
body (ATA) responses to all the molecular components of the ADC.  

   Bioanalytical Strategy 

 Developing assays to characterize the PK and PD of ADCs is challenging as the 
ADCs are heterogenous mixtures and have different DM1 drug-to-antibody ratio 
(DAR) species ranging from DAR 1 to 8, with an average of approximately 3.5 
DM1 moieties for most ADCs. The abundance of DAR species in systemic circula-
tion changes with time and it is not always feasible to measure the changing DAR 
species in serum samples. 

 Speci fi cally, T-DM1 has the molecular characteristics of both a large molecule 
biologic and a small molecule drug. T-DM1 is composed of trastuzumab with 1–8 
DM1 molecules linked via MCC ((maleimidomethyl)cyclohexane-1-carboxylate, a 
nonreducible thioether linkage), primarily to lysine residues. The DAR approxi-
mates a Poisson distribution with an average DAR of ~3.5. 

 Thus two key technologies, enzyme linked immunosorbent assay (ELISA) and 
liquid chromatography tandem mass spectrometry (LC–MS/MS), typical for large 
and small molecule quanti fi cation were used for T-DM1 bioanalysis. Validated PK 
assays were used to measure T-DM1 (conjugate), TT (trastuzumab conjugated as 
well as unconjugated), and DM1. Exploratory LC–MS/MS assays were developed 
to measure some catabolites like MCC–DM1 and Lysine–MCC–DM1 in plasma 
samples. 

 The T-DM1 PK ELISA was designed to measure the drug conjugate containing 
one or more covalently bound DM1 (1–8) molecule. The TT PK ELISA measured 
T-DM1, with variable DAR (in the ADC conjugate) plus unconjugated trastuzumab 
(with no bound DM1). The DM1 PK through LC–MS/MS assayed DM1 and any 
disul fi de-bound forms of released DM1 (e.g., dimers, glutathione, cysteine, and 
albumin adducts). It did not measure DM1 linked to trastuzumab via MCC–DM1. 
As DM1 contains a free sulfhydryl, DM1 released from T-DM1 is likely to dimerize 
or react with other thiol-containing molecules in plasma. Therefore, to avoid an 
under quanti fi cation of released DM1, plasma samples were treated with a reduc-
ing agent to release disul fi de-bound DM1. The free thiol was then blocked with 
N-ethylmaleimide (NEM) to prevent any further reactions. The LC–MS/MS assay 
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quanti fi ed DM1–NEM. The assay approach measured all disul fi de-bound forms 
of DM1. 

 Immunogenicity assessment of T-DM1 required a strategy and a method that 
enabled measurement of ATA responses to the molecular components of the ADC. 
A tiered approach was used to detect and characterize any ATA response to T-DM1 
using robust validated bridging immunoassay methods designed to detect all ATAs 
in the presence of circulating T-DM1.  

   Characterization of Clinical PK 

 During the development of T-DM1, data from multiple Phase I, II, and III  single-agent 
and combination studies were used to investigate the clinical pharmacology of this 
molecule (Table  4.1 ; Fig.  4.3 ). Given that the intended use for the drug is to treat 
patients with breast cancer, no studies were conducted in healthy volunteers. Also 
since T-DM1 includes an antibody and is administered via the intravenous route, 
traditional studies with human biomaterial to assess permeability or to assess meta-
bolic pathways were not conducted.   

 The Phase I,  fi rst-in-human study (TDM3569g) was a dose escalation trial assess-
ing the safety, tolerability, and PK of single-agent T-DM1 administered by IV infu-
sion, on both a q3w- and weekly (qw)-dosing regimen, to HER2 positive MBC 
patients who had previously received a trastuzumab-containing regimen  [  7,   8  ] . 
Doses ranging from 0.3 to 4.8 mg/kg were administered in the q3w regimen. In the 
remaining studies (TDM4258g, TDM4374g, and TDM4688g), T-DM1 was admin-
istered as a 30–90-min IV infusion at 3.6 mg/kg on a q3w dosing regimen, the rec-
ommended dosing regimen for Phase II studies  [  7–  12  ] . In the Phase I trial, an 
extensive PK sampling program was used to characterize T-DM1 disposition, 
whereas in the Phase II trials, peak and trough data were collected with frequent 
sampling in later cycles (Cycles 1 and, at steady state, Cycle 3 or 4). Standard non-
compartmental methods were used in individual studies to determine relevant PK 
parameters. 

 PK data from the Phase I dose escalation study was primarily used to characterize 
T-DM1 PK, assess dose dependence, determine single and repeat dose kinetics of 
different schedules (weekly and q3w), and help determine an optimal dose and regi-
men for Phase II/III studies. Data from Phase II studies were used to further charac-
terize the PK of T-DM1 (and other analytes) in a larger population. Population PK 
was done to assess the interindividual variability (IIV) and to determine if any 
speci fi c dose adjustments might be necessary. Also, relevant pathophysiological 
covariates likely to impact T-DM1 clearance were determined using a population 
PK model (POP PK). Additionally, Phase II data were also used to explore expo-
sure–safety (platelet, liver enzymes) and exposure–ef fi cacy (tumor size, response 
rate) relationships. 

 Clinical PK data from the above-mentioned studies were adequately described 
by a linear two-compartment model with  fi rst-order elimination from the central 
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  Fig. 4.3    Additional clinical studies with T-DM1 that have a clinical pharmacology strategy       

compartment. In the Phase I study TDM3569g, following T-DM1 administration in 
a q3w schedule, a trend toward faster T-DM1 clearance was observed at T-DM1 
doses of  £ 1.2 mg/kg. In doses ranging from 2.4 to 4.8 mg/kg q3w, T-DM1 exhibited 
linear PK (Fig.  4.4 ). This supports the dual mechanism of clearance for T-DM1, 
similar to other mAbs—target (HER2) antigen-speci fi c and nonspeci fi c (in part by 
Fc mediated) mechanisms   .  

 At the maximally tolerated 3.6 mg/kg q3w dose, T-DM1 disposition is charac-
terized by mean clearance values ranging from 7 to 13 mL/day/kg, a volume of 
distribution limited to the plasma volume, and a terminal half life of approxi-
mately 4 days. 

  Fig. 4.4    Pharmacokinetics pro fi les       
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 Although a higher cumulative dose could be safely administered to patients with 
a weekly schedule (7.2 mg/kg in a 21-day cycle; 2.4 mg/kg qw × 3 weeks), a q3w 
regimen was considered best suited for late stage clinical studies in consideration of 
patient convenience and similar clinical bene fi t rates/antitumor activity across both 
schedules. 

 Consistent PK was observed across 3 Phase II studies as shown in Fig.  4.5 . The 
half-life of T-DM1 ranged from 3.1 to 4.5 days and the clearance in the linear range 
was 7.3–12.7 mL/day/kg. The half-life of TT averaged ~10 days and clearance was 
4.21 mL/day/kg. Modest accumulation was observed for this analyte. The half-life 
of T-DM1 was shorter than that of TT. The shorter half-life and faster clearance for 
T-DM1 can be attributed to the combined clearance mechanisms of deconjugation 

  Fig. 4.5    Steady state levels       
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and proteolytic degradation. The systemic exposure to DM1 was consistently low 
with mean maximum levels not exceeding 6 ng/mL.   

   Integrated Modeling and Simulation (M&S) Strategy 

 An integrated M&S strategy was conceived and applied early in clinical development 
of T-DM1 to leverage all available clinical data to establish PK/PD relationships. 
POP PK modeling using conjugate T-DM1 concentrations as an analyte of interest 
was developed to assess the effects of demographic and pathophysiologic covariates 
on the PK of T-DM1 in order to better understand clinical factors that might affect 
exposure in individual patients  [  12  ] . Additionally, in an attempt to streamline the 
number of analytes being collected and analyzed during clinical development, inte-
grated models with multiple analytes of T-DM1 were developed  [  13–  15  ] . 

 Semi-mechanistic and empirical models were developed to explain exposure–
safety (alanine aminotransferase (ALT), aspartate aminotransferase (AST), plate-
lets) and exposure–ef fi cacy (objective response rate (ORR), tumor size) relationships 
 [  16,   17  ] . Additionally, population approaches were used to assess potential for drug 
interactions for T-DM1 in combination with taxanes (docetaxel and paclitaxel) and 
pertuzumab  [  13,   18,   19  ] . 

   Population PK (POP PK) 

 As the mechanism of action of T-DM1 requires both trastuzumab and DM1, a POP 
PK model was developed using T-DM1 (conjugate) concentrations  [  20  ] . T-DM1 PK 
was best described by a linear two-compartment model. Population estimates (IIV) 
for pharmacokinetic parameters were clearance, 0.7 L/day (21.0%); central com-
partment volume ( V  

c
 ), 3.33 L (13.2%); peripheral compartment volume ( V  

p
 ), 0.89 L 

(50.4%); and intercompartmental clearance, 0.78 L/day. A number of demographic, 
body size-speci fi c, and pathophysiological covariates were tested to determine if 
they might have an impact on T-DM1 PK. The interindividual variability (IIV) in 
T-DM1 pharmacokinetic parameters from the base model (18–48%) before inclu-
sion of any covariates was similar to the IIV observed for other mAbs like trastu-
zumab, pertuzumab, and bevacizumab. Body weight, albumin, tumor burden, and 
AST levels were identi fi ed as statistically signi fi cant covariates accounting for IIV 
in T-DM1 PK, with body weight having a greater effect on IIV of clearance and  V  

c
  

than other covariates. The IIV of clearance was reduced from 26.4 to 21% (decrease 
of 36.7%) after adding these covariates. The interindividual variability for central 
volume was reduced from 18.3 to 13.2% (decrease of 47.9%) after adding body 
weight as a covariate for  V  

c
 . Baseline trastuzumab TmAb (from prior trastuzumab 

treatment), speci fi c to this MBC patient population, and HER2 shed antigen 
(HER2ECD) were found to have no effect on T-DM1 CL. 



66 S. Girish and M. Gupta

 Independently, other models were developed using all available T-DM1 and TT 
data. Lu et al. developed an empirical integrated POP PK model that simultane-
ously  fi tted T-DM1 and TT PK data  [  13  ] . This model provided quantitative esti-
mates of deconjugation and proteolytic degradation rates of T-DM1 and assisted in 
understanding the kinetics of conversion from T-DM1 to unconjugated trastu-
zumab. The model provided a hypothesis for the observed differences in clearance 
between T-DM1 and TT. As T-DM1 CL is comprised of both degradation and 
deconjugation processes, its faster clearance than trastuzumab was partly explained. 
Chudasama et al. and Bender et al. have also developed semi-mechanistic POP PK 
models based on PK data in cynomolgous monkeys and patients to provide addi-
tional insight into the kinetics of each deconjugation step of T-DM1 from high 
DAR moieties to low DAR moieties  [  14,   15  ] . Such integrated models may be use-
ful in predicting PK pro fi le for T-DM1 and other analytes and can potentially 
eliminate the necessity of dense PK sampling for multiple analytes in future clini-
cal trials.  

   Exposure–Response Models/Relationship 

 Exposure–response analysis was performed with all available ef fi cacy and safety 
data from completed Phase II studies. The relationship analysis between T-DM1 
exposure and response (partial response, stable disease, and progressive disease) 
was limited to a narrow range of T-DM1 exposure as most available data were lim-
ited to 3.6 mg/kg q3w dose regimen. 

 Tumor growth inhibition (TGI) and semi-mechanistic population PK/PD models 
were developed to characterize the effect of T-DM1 on longitudinal changes in 
tumor size assessed by sum of longest diameters (SLD) and platelet counts in clini-
cal studies. In addition, exploratory correlation between T-DM1 exposure and 
ef fi cacy/safety variables were performed. 

 A semi-mechanistic population PK/PD model was developed to characterize 
the effect of T-DM1 on platelet counts in clinical studies as thrombocytopenia 
(TCP) was identi fi ed as the dose-limiting toxicity in Phase I study  [  14  ] . In this 
approach, a sequential exposure–response modeling approach was adopted to  fi t 
the PK (i.e., serum T-DM1 concentration–time) and PD (i.e., platelet–time) data to 
help identify PK parameters that may be responsible for TCP. The model consisted 
of a proliferative platelet pool compartment, three transit compartments, and a 
circulating platelet compartment, mimicking platelet development and circula-
tion. The PK/PD model developed accurately re fl ected and quanti fi ed clinical 
observations of platelet counts during T-DM1 treatment. The model also supported 
the hypothesis of a partial depletion of the proliferating platelet pool as a mechanism 
for the downward drift in some platelet–time pro fi les. This was further supported 
by data from in vitro mechanistic studies with hematopoietic stem cells, mega-
karyocytes, and platelets. T-DM1 did not have a direct effect on platelet function 
but did impair megakaryocyte and platelet production  [  21  ] . Further, the model 
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also suggested the presence of a nondepletable platelet pool that appears to maintain 
safe platelet levels in most patients. The results of the modeling analyses sup-
ported single-agent T-DM1 dosing at 3.6 mg/kg q3w in patients with HER2-positive 
breast cancer; this dose of T-DM1 is well tolerated, requiring minimal dose delays 
and reductions for TCP. 

 Additionally, a tumor growth inhibition (TGI) model was developed, which 
describes the sum of longest diameters (SLD) of target lesions, as a function of time 
and area under the concentration–time curve using all the data with different doses 
tested in Phase I/II studies thus far  [  20  ] . The model accounts for natural ( fi rst-order) 
tumor growth rate, antitumor drug effect (i.e., cell-kill rate driven by drug expo-
sure), and drug resistance. The model predicted that median ORR was in alignment 
with observed ORR from Phase II studies. Also, in an exploratory analysis, mea-
sured ef fi cacy and safety endpoints were plotted against exposure measures for any 
correlative trends. Correlation between steady state T-DM1 exposure (AUC) at all 
doses tested (1.2–2.7 mg/kg qw and 0.3–4.8 mg/kg q3w) and TGI at Week 12 is 
shown in Fig.  4.6 . Higher exposure, as achieved with weekly regimen, did not trans-
late to greater decrease in tumor size from baseline at week 12. Further, low expo-
sures (at doses less than 2.4 mg/kg) did not meaningfully decrease the tumor size. 
In the 5th and 95th percentile range for 3.6 mg/kg q3w schedule, a trend in exposure 
and tumor shrinkage was observed. However this relationship in T-DM1 exposure 
did not translate to ORR as the endpoint following 3.6 mg/kg q3w T-DM1 dosing 
across Phase II studies. Further assessments will be done to identify tentative 

  Fig. 4.6    Exposure–response relationship       
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 relationships between T-DM1 exposure and time to tumor progression, progression 
free survival, and overall survival as data become available for larger pivotal trials.  

 No obvious relationships were observed between T-DM1 exposure (by AUC 
quartiles) and platelet, AST, or ALT levels during the course of T-DM1 treatment 
across the Phase II studies  [  17  ] . 

   Impact of ATA response to T-DM1 on PK/PD 

 Overall, ATA formation was observed in 4.5% (13 of 286) of patients after repeated 
dosing of T-DM1 across four Phase I/II clinical studies but no obvious changes were 
observed in the PK, safety pro fi les, or ef fi cacy outcomes of patients who developed 
antibodies to T-DM1 compared with patients who tested negative for antibodies to 
T-DM1. The clinical signi fi cance of antibody development against T-DM1 is there-
fore not perceptive.    

   Metabolic Fate of T-DM1 

 To gain a better understanding of the disposition of T-DM1 and its catabolites, pre-
clinical radiolabeled studies of absorption, distribution, metabolism, and excretion 
(ADME) were conducted in rats  [  8,   22  ] . In addition, the T-DM1 catabolites, 
MCC–DM1 and Lysine–MCC–DM1, were analyzed in the plasma of patients with 
MBC receiving treatment with single-agent T-DM1 in a phase II clinical study 
(TDM4688g)  [  12,   17  ] . The integrated results from radiolabeled studies, together with 
additional data from the clinical study, helped to characterize the catabolism of 
T-DM1. As supported by radiolabeled studies in rats, the majority of T-DM1 remains 
conjugated with one or more DM1 molecules in systemic circulation. As with trastu-
zumab, T-DM1 undergoes receptor-mediated and nonspeci fi c endocytosis, followed 
by traf fi cking to the lysosomal compartment where proteolytic degradation/catabo-
lism to amino acids occurs  [  12,   17,   18  ] . Very low levels of catabolites/metabolites, 
including lysine–MCC–DM1, MCC–DM1, and DM1, were observed in vivo in rat 
and human plasma following T-DM1 administration  [  12,   17,   22  ] . 

 In rats, catabolites, including DM1 adducts, lysine–MCC–DM1, and MCC–DM1, 
have been predominantly observed in bile with minimal elimination in urine  [  17, 
  22  ] . In both preclinical and clinical pharmacology studies T-DM1 catabolites 
MCC–DM1 levels were found to peak immediately after dosing, and a lag time was 
associated with the formation of Lysine–MCC–DM1, as higher levels of this catab-
olite were observed at later time points  [  17  ] . 

 Additionally, in vitro metabolism and radiolabeled studies were conducted with 
DM1, a component of T-DM1  [  22  ] . DM1 undergoes metabolism by CYP450 
enzymes, speci fi cally by CYP3A4 and to a lesser extent by CYP3A5. Further, at 
clinically relevant concentrations DM1 is not a CYP450 inhibitor. 

 The fecal/biliary route appears to be the major pathway of elimination of DM1-
containing catabolites in rats. Up to 80% of radioactivity was recovered in bile and 
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less than 5% was recovered in urine primarily as DM1 and DM1-containing catabolites 
(MCC–DM1, Lysine–MCC–DM1) in both bile and urine samples. MCC–DM1 and 
Lys–MCC–DM1 were higher than DM1 levels in both matrices. Given the current 
understanding of the ADME pro fi le of T-DM1 in rats, hepatic function, but not renal 
function, may have an impact on T-DM1 disposition.  

   Organ Dysfunction Studies 

   Renal Impairment 

 No formal study was conducted in patients with renal impairment. Though limited, 
this assessment is based on available data from a POP PK model that has been devel-
oped using clinical PK data across three clinical studies (TDM3569g, TDM4258g, and 
TDM4374g)  [  12  ] . The effect that renal impairment has on the PK of T-DM1 was 
evaluated on the basis of calculated creatinine clearance as a surrogate of renal func-
tion. Creatinine clearance was included as a potential continuous covariate in the POP 
PK model with pooled data from Phase I and two Phase II studies. The results showed 
that creatinine clearance had no impact on T-DM1 PK (Fig.  4.7 ). The impact of renal 
function on T-DM1 PK was also assessed by categorizing patients on the basis of their 
calculated creatinine clearance (normal: creatinine clearance > 80 mL/min; mild: crea-
tinine clearance = 50–80 mL/min; moderate: creatinine clearance = 30–50 mL/min; 
severe: creatinine clearance < 30 mL/min). Renal function was found to have no 
in fl uence on T-DM1 clearance. Only a limited assessment was possible in patients 
with moderate and severe renal impairment: nine and three patients were studied with 
moderate and severe renal impairment, respectively. In spite of the small numbers, 
given this analysis and the fact that renal route is a minor elimination route in preclini-
cal radiolabeled studies with T-DM1 and DM1, renal function is unlikely to affect the 
systemic exposure of T-DM1  [  12,   17,   22  ] .   

   Hepatic Impairment 

 Collectively there appears to be no clinically signi fi cant relationship between ALT/
AST, total bilirubin, and albumin levels (indicators of hepatic function) and T-DM1 
exposure  [  17,   20  ] . Furthermore, receptor-mediated endocytosis and nonspeci fi c 
endocytosis and catabolism to amino acid products are expected, and clearance 
mechanisms similar to other mAbs are expected to be the major route. Therefore, 
hepatic impairment as such is not expected to impact T-DM1 exposure. However, 
the impact on DM1 and DM1 containing metabolites remains unclear. Also 
based on the May 2003 FDA guidance document (PK in Patients with Impaired 
Hepatic Function), a study is recommended even if a drug and/or active metabolite 
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(i.e., DM1) is eliminated to a lesser extent (<20%) when there is evidence to suggest 
a narrow therapeutic drug range  [  23  ] . A study is therefore under way to fully under-
stand the relationship of varying degrees of liver impairment on PK, safety, and 
appropriate dosing, as the DM-1 component of T-DM1 is primarily metabolized 
and eliminated as DM1-containing catabolites through the biliary route.  

   QTc Strategy 

 Current regulatory guidelines  [  24  ]  for QT studies were developed to assess small 
molecules and as such do not provide speci fi c guidance for evaluating large mol-
ecules or an ADC for oncology indications. It has been shown that mAbs have 
very low potential to interact with the extracellular or intracellular (pore) domains 
on hERG channel based on their targeted, speci fi c binding properties and large 
molecular weight  [  25,   26  ] . Therefore mAbs are highly unlikely to inhibit hERG 
channel activity and it is not appropriate to conduct an in vitro hERG assay for 
assessing the heart rate corrected QT interval (QTc) prolongation risk of mAbs  [  25  ] . 
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Erdman et al. performed a systemic review of all 21 approved mAbs, and no QTc 
prolongation or Torsades de Pointes risk was identi fi ed in any label for approved 
mAbs  [  27  ] . A recent white paper published on the QTc for biologics  [  28  ]  recom-
mends that no thorough QT study is required for mAbs, although it might be 
required for some proteins of smaller size (e.g., non-mAb biologics). 

 Therefore for ADCs, a hybrid approach for QT assessment can be used. Suf fi cient, 
good quality ECG data should be collected in early development to assess any 
potential clinically important QT effect. In the absence of direct hERG inhibition, 
triplicate 12-lead ECG monitoring is generally recommended at the maximal peak 
concentrations, delayed time points, and after successive doses at steady state. 
Typically, it is only possible to analyze baseline-matched ECGs, as the use of long 
placebo periods is logistically dif fi cult, and positive controls are dif fi cult to use in 
oncology indications. 

 A dedicated QT study was conducted for T-DM1 in clinical development to rule 
out any clinically meaningful QT prolongation in 51 patients. A strategy was devel-
oped (Fig.  4.7 ) to assess the effects of the HER2-directed ADC, T-DM1, on QTc in 
a multicenter phase II study  [  17,   20  ] . The effect of T-DM1 (3.6 mg/kg q3w) on cor-
rected QT interval (QTc) was assessed and exposure–response relationships between 
the primary endpoint and each T-DM1 analyte [T-DM1 conjugate, TT (conjugated 
and unconjugated), and DM1] concentrations were evaluated using linear mixed-
effects modeling  [  20  ] . 

 In this study, serum and plasma samples were analyzed for T-DM1 conjugate, 
TT, and DM1 in cycles 1 and 3 (steady state). Triplicate 12-lead electrocardiograms 
were time matched with pharmacokinetic sampling. The primary endpoint was the 
change in the QTc interval from baseline to each post-baseline time point, adjusted 
for heart rate using Fridericia’s correction (DQTcF). 

 The upper limit of the 95% one-sided con fi dence interval of the estimated aver-
age prolongation in QTcF at the T-DM1 maximum plasma concentration ( C  

max
 ) of 

75.6  m g/mL was 2.3 ms in cycle 1 and 6.8 ms in cycle 3. Similar results were 
observed at the median DM1 and TT  C  

max
  concentrations in cycles 1 and 3. Therefore, 

in the proposed therapeutic regimen T-DM1 had no clinically relevant effect on QTc 
interval. The observed upper limit of the 95% one-sided con fi dence interval was 
below the 10 ms threshold of regulatory concern.   

   Potential for Therapeutic Protein–Drug Interactions (TP-DI) 

 In oncology, TP-DI evaluation is usually not a stand-alone study due to logistical 
constraints. It is critical to have a question-based risk assessment of the PK-based 
TP-DI and build a clinical pharmacology strategy during development of combina-
tion treatment to ensure safe and effective use of therapeutics  [  29  ] . A systematic 
approach to answering the question of “Can a therapeutic protein (TP) be either a 



72 S. Girish and M. Gupta

victim or a perpetrator of a TP-DI?” assesses the clearance mechanisms of a particular 
TP and evaluates whether coadministered drugs can affect these clearance processes 
(Figs.  4.8  and  4.9    ).   

 A similar risk assessment approach was adopted for T-DM1 in combination with 
taxanes and pertuzumab  [  13,   18,   29  ] . Collective in vitro metabolism and preclinical 
data suggest that T-DM1 is unlikely to be a perpetrator of a DI. Although the risk for 
a PK-based DI was considered low based on the predominantly nonoverlapping 
clearance mechanisms, low systemic DM1 levels, it was not possible to rule out 
whether T-DM1 could be a victim of TP-DI in combination with other drugs. 
Therefore, in Phase Ib/II combination studies a drug interaction strategy was included. 
For T-DM1 in combination with taxanes (Taxol® and Taxotere®) a staggered dosing 
design was adopted and for T-DM1 in combination with antibody like pertuzumab a 
sequential dosing was adopted  [  13,   18  ] . A PK sampling schedule to quantify the 
levels of T-DM1, TT and DM1, pertuzumab, paclitaxel, and docetaxel were included 
in protocols. PK parameters from combination treatment were either compared to 
historical single-agent data or within study (Cycle 1; Taxane PK in absence of T-DM1 
vs. Cycle 2; Taxane PK in presence of T-DM1). These results con fi rm the low poten-
tial for PK-based drug interactions. The PK of these agents (taxane, pertuzumab) was 
not altered in the presence of T-DM1 or vice versa.  

   Summary and Conclusions 

 A unique and customized clinical pharmacology strategy was applied towards clini-
cal development of T-DM1, Genentech’s  fi rst ADC molecule in late stage clinical 
development. Clinical pharmacology strategies, including bioanalytical, M&S, PK 
characterization, metabolic fate, organ dysfunction studies, exposure–response 
analysis, QTc, and TP-DI, were conceived and implemented early in clinical devel-
opment. This case study can likely serve as a foundation for future ADC clinical 
development. Furthermore, clinical pharmacology data from all these studies are 
likely to be an integral part of the package insert and can provide useful information 
to oncologists and patients. Additional data in ongoing late stage studies will guide 
further development of T-DM1.      

  Fig. 4.8    Factors affecting small molecule drug ( SMD ) and protein therapeutic ( TP )       
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  Fig. 4.9    Drug–drug interaction studies design. This study design in panel ( a ) represents two separate 
studies for T-DM1 in combination with paclitaxel and taxotere       
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         Introduction 

 For more than a decade, there has been growing interest in the possibility of directing 
chemotherapy drugs speci fi cally to tumor cells, with the goal of sparing normal tis-
sues from these generally toxic agents  [  1  ] . Although the road has been long and 
challenges have been plentiful, clear examples of successes have begun to emerge, 
and future efforts are likely to yield an abundance of potential new therapeutic 
options. Among the current successes exempli fi ed by striking clinical activity are 
trastuzumab-emtansine (T-DM1; a Herceptin-cytotoxic drug conjugate) for the 
treatment of HER2-positive breast cancer  [  2,   3  ]  and brentuximab vedotin (SGN-35; 
an anti-CD30-cytotoxic drug conjugate) administered to patients with CD30-
positive lymphomas  [  4–  6  ] . These agents have produced remarkable response rates 
in heavily pretreated patient populations, and many other ADCs are now being 
tested in earlier stage clinical trials, highlighting the excitement and promise for this 
therapeutic approach  [  7  ] . 

 The rapidly emerging personalized medicine paradigm, that is, matching the right 
drug to the right patient, is critical to the success of most current and future targeted 
therapies in oncology given the plethora of genetic lesions and disease heterogeneity 
that contribute to the wide range in treatment response across the cancer patient 
population. In this chapter, we will discuss the potential role for predictive biomark-
ers in the context of ADCs to enable their successful clinical development, as well as 
the potential challenges associated with their implementation.  
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   Predictive Biomarkers 

 Considering the substantial variation in clinical response and bene fi t that has been 
observed for virtually all of the current cancer treatments, the ability to identify the 
appropriate patient population for a novel therapeutic a priori is arguably one of the 
most important challenges in modern oncology practice. The plethora of genetic 
lesions in cancers that have been identi fi ed by approaches, such as targeted Sanger 
sequencing, next-generation whole-genome sequencing, transcriptome pro fi ling, 
and comparative genomic hybridization array, highlights the complex nature of the 
genomic landscape in tumors  [  8–  10  ] . Needless to say, in order to navigate such 
complexity with the goal of personalized cancer therapy, it is imperative to develop 
a deep understanding of a candidate drug’s mechanism of action. 

 ADCs rely on  fi ve key factors to elicit an effect on the intended tumor cell:  [  1  ]  
generation of a selective high-af fi nity antibody that recognizes the intended cell 
surface target antigen,  [  2  ]  a drug linker,  [  3  ]  a potent cytotoxic drug,  [  4  ]  internaliza-
tion of the ADC by receptor-mediated endocytosis, and  [  5  ]  release of the cytotoxic 
drug by a lysosomal-dependent process. Subsequently, the inherent properties of the 
tumor and molecular characteristics that determine the response to the delivered 
toxin are critical to its ef fi cacy. The following are parameters that are likely to 
in fl uence the response to an ADC. 

   Target Expression and Internalization Kinetics 

 For the majority of ADCs, the expression level of the intended target is likely to play 
a key role in de fi ning the appropriate patient population for treatment. This is 
exempli fi ed by the selection strategy for novel ADC targets, as most have been 
chosen based on their speci fi c and relatively elevated expression in a speci fi c cancer 
type or within a subpopulation of patients with a speci fi c cancer type. T-DM1 is 
perhaps one of the best examples in that only HER2+ patients are selected for treat-
ment since the target is not expressed in the majority of breast cancers. In contrast, 
other ADC targets have been selected because of their relatively high and broad 
expression across a particular tumor type. Inotuzumab ozogamicin is an ADC that 
targets CD22, an antigen that is speci fi cally expressed across all cases of Hodgkin’s 
lymphoma  [  4,   5  ] . In these examples, the very presence of the target appears to be 
suf fi cient to enrich for likely responders, as evidenced by the impressive response 
rates observed in recent trials where inotuzumab ozogamicin had an objective 
response rate of 50% (6 out of 12) in a phase I trial of heavily pretreated patients 
with Hodgkin’s lymphoma in the maximum tolerated dose cohort. Furthermore, 
tumor regression was observed in 86% (36 out of 42) of all patients treated on this 
trial; however, these striking responses are unlikely to be the case for every ADC, 
and as clinical data accumulates, it may become clear that there are subpopulations 
of patients within these “high expressers” that do not demonstrate substantial 
bene fi t. At this current time, the clinical trial results from T-DM1, and inotuzumab 
ozogamicin studies suggest that patients indeed experience a wide range of clinical 
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bene fi t, indicating that additional factors are likely to determine the ef fi cacy of an 
ADC. 

 One of these factors is likely to be the extent to which the ADC is internalized by 
receptor-mediated endocytosis. Thus, an increased rate of internalization could 
potentially result in increased intracellular delivery of the cytotoxic agent. In this 
context, the selection of the ADC target with respect to its turnover on the cell sur-
face may be important in order to maximize ADC ef fi cacy. However, it is worth 
noting that some ADCs target poorly internalized antigens and elicit their effect by 
taking advantage of the tumor microenvironment rather than the intracellular 
machinery for release of the cytotoxic drug  [  11,   12  ] . In these examples, the use of a 
cleavable drug linker permits the release of a toxin under acidic conditions com-
monly found in the tumor microenvironment. This concept coupled with a mem-
brane-permeable toxin results in the intended effect on surrounding tumor cells and 
mitigates the strict requirement for antibody internalization and lysosomal degrada-
tion for drug release. Therefore, there will be less dependence on target expression 
and internalization.  

   In-Cell Parameters of Sensitivity 

 Once an ADC is internalized, the next potential limitation to ef fi cacy could be the 
rate and ef fi ciency of lysosomal degradation of the antibody–drug linker to release 
the cytotoxic agent, which determines the concentration of free intracellular drug 
available to exert its biological effect. The lysosome contains a repertoire of enzymes 
and functions primarily as an “environmentally friendly” recycling machine by 
degrading macromolecules and organelles  [  13  ] . In addition, lysosomes have been 
implicated in programmed cell death processes including apoptosis and autophagy. 
Lysosomal activity and the expression of lysosomal-associated enzymes can vary 
across tumors  [  14  ]  and can be an indicator of poor prognosis in certain cancers  [  15  ] . 
Intriguingly, key lysosomal enzymatic activities such as acid phosphatase and hexo-
saminidase have been found to be speci fi cally altered in response to TNF a  treat-
ment, highlighting their potential to be modulated in the context of tumorigenesis 
and therapy  [  16  ] . In fact, lysosomal activity and lysosomal components are modu-
lated by various classical tumor suppressor-inactivating and oncogenic-activating 
mutations such as those involving TP53 and RAS  [  17,   18  ] , suggesting a potential 
role for tumor genetics in the response to ADCs. However   , it is worth noting that 
reported preclinical studies have examined free drug release from CD22 and CD19 
ADCs and found a poor correlation between the ability of the drug to be released 
and the observed in vitro ef fi cacy  [  19,   20  ] , suggesting that the inherent properties of 
the tumor cell that might constitute the critical determinants of ef fi cacy. 

 One of the attractive features of the ADC strategy is that it provides the opportu-
nity to conjugate the antibody with a wide array of toxins with various mechanisms 
of action and chemical properties. Thus far, most of ADCs that have been evaluated 
in clinical trials, or are about to enter clinical development, include the maytansines 
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and auristatins as cytotoxic agents. These molecules exert their potent biological 
effect by interfering with microtubule dynamics by binding to the tubulin subunits. 
Mechanistically, microtubule-targeted agents either stabilize or destabilize 
 microtubule polymerization, with auristatins and maytansines falling into the latter 
class. Regardless of the stabilization or destabilization mechanism of action, these 
agents ultimately promote G2/M arrest followed by programmed cell death  [  21  ] . 

 Given the highly regulated nature of mitosis and the number of signaling path-
ways that converge on the key regulators, there are many potential modulators that 
could play a role in the response to such drugs and, therefore, to ADCs. With respect 
to in vitro sensitivity and resistance to microtubule-targeted agents, reports have 
suggested that mutations in TP53 confer sensitivity by virtue of increasing a G2/M 
arrest phenotype due to a defective G1 arrest that is normally regulated by p53-
dependent induction of p21  [  22  ] . Indeed, activity of the ADC CD79-vcMMAE was 
observed in TP53 mutant NHL cell lines  [  23  ] , although activity was also present in 
some wild-type TP53 cases. Since TP53 mutations are common in multiple tumor 
types, this could provide an advantage for ADCs conjugated with microtubule-targeted 
agents, and it would be intriguing to test such a hypothesis in the clinic. 

 Aurora-A kinase overexpression has been associated with taxane resistance  [  24  ] . 
It is believed that Aurora-A overexpression drives cells to inappropriately enter ana-
phase, bypassing the spindle checkpoint. In addition, ampli fi cation of Aurora-A is 
prevalent in epithelial tumors—ranging from 12% to 50%—and can promote tum-
origenesis in preclinical models  [  24  ] . Similarly, mutations in beta1-tubulin (TUBB) 
have also been reported to promote resistance to antimitotics in cell line models of 
acquired resistance  [  25  ] ; however, the clinical relevance of these  fi ndings remains 
to be determined  [  26  ] . Single nucleotide polymorphisms    (SNPs) in TUBB have also 
been identi fi ed that modulate the response to microtubule-targeted agents in cell 
line models  [  27  ] . Although the clinical signi fi cance of these  fi ndings has yet to be 
reported, the  fi ndings suggest that certain patients may inherently be less responsive 
to this class of anticancer agents. 

 Perhaps the most compelling evidence for resistance to microtubule-targeted 
agents comes from studies that describe overexpression of the beta3-tubulin 
(TUBB3) isoform. TUBB3 is normally expressed in the neurons and Sertoli cells 
and is associated with poor prognosis and resistance to taxanes as well as microtu-
bule-destabilizing agents across multiple indications (reviewed in  [  28  ] ). Importantly, 
depletion of TUBB3 by siRNA can revert cells demonstrating resistance to micro-
tubule-targeted agents to a sensitive state, suggesting a direct link to the phenotype 
association observed  [  29  ] . In addition, microtubule-associated proteins (MAPs) 
such as MAP2, MAP4, and Tau, which function to stabilize microtubules and pro-
tect them from destabilization, have also been proposed to play a role in modulating 
sensitivity to antimitotics. Consistent with these observations, elevated Tau expres-
sion is associated with reduced response to paclitaxel in breast cancers due to its 
ability to block binding of taxanes to microtubules  [  30  ] . 

 Intriguingly, microRNAs such as miR-200c have been shown to directly target 
the 3’UTR of TUBB3, and expression of this miRNA can restore sensitivity to 
paclitaxel in an inherently resistant cell line model  [  30  ] . Since miR-200c is a 
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 negative regulator of the epithelial to mesenchymal transition  [  32  ] , which appears 
to yield a more chemoresistant stem cell-like phenotype, it is conceivable that 
repression of miR-200c expression would promote a resistant phenotype. In this 
instance, however, there is a direct connection to the mechanism of action elicited 
by microtubule-targeted agents, as opposed to a broader chemoresistance. It is worth 
noting though that overexpression of TUBB3 has been proposed to regulate resis-
tance to other chemotherapies in addition to tubulin-binding agents  [  28  ] . 

 Overall, it is clear that modulators of microtubule dynamics may play an impor-
tant role in determining the response to ADCs that include a microtubule-targeted 
agent, and it is likely that biomarkers that de fi ne the status of several of these regu-
lators will ultimately be required to predict response to these agents across the can-
cer population. In addition, the growth kinetics of tumors should be considered, and 
perhaps focusing on tumors with higher expression of proliferative markers, such as 
Ki-67, may be a consideration to further enrich for likely responders given the 
nature of microtubule-targeted drugs. Nonetheless, all of these potential markers 
certainly warrant further exploration in preclinical models and in the clinic, particu-
larly in light of the many “ fl avors” of ADCs that are now entering clinical trials. 

 Regardless of the nature of the drug component of an ADC, it would be prudent 
to consider modulators of the apoptosis pathway in the response to treatment with 
these agents. For example, the anti-apoptotic proteins BCL-2, BCL-XL, MCL1, 
cIAP1/2, and XIAP have all been associated with resistance to various chemothera-
pies with distinct mechanisms of action in preclinical models  [  33–  36  ] . These anti-
apoptotic proteins function to either block caspase activation directly or protect the 
mitochondria from changes in mitochondrial outer membrane potential elicited by 
intrinsic or extrinsic apoptosis signals such as DNA damage and death receptor 
ligands, respectively. Multiple pro-survival signals, such as NFkB, and oncogenic 
lesions, such as PIK3CA mutations, promote the expression of multiple anti-apop-
totic factors to tip the balance in favor of tumor cell survival. Considering that ADCs 
will most likely be administered to subsets of patients demonstrating activation of 
these signaling pathways, their potential role in predicting sensitivity to ADCs 
should certainly be considered. Consistent with a role for anti-apoptotic proteins in 
resistance to ADCs, it was reported that BCL-XL may constitute an important deter-
minant of response to CD79b-vcMMAE  [  23  ] . Thus, increased levels of BCL-XL 
were correlated with reduced potency of this ADC above a speci fi c threshold of 
CD79b on the cell surface. In addition, treatment with the BCL-2 family inhibitor, 
ABT-263, which targets BCL-XL, BCL-2, and BCL-W, was able to synergize with 
CD79b-vcMMAE to promote tumor regressions in a xenograft model. The potential 
role of anti-apoptotic proteins in the response to other ADCs remains to be deter-
mined and is likely to be assessed during the clinical testing of these agents. 

 As described above, there are multiple potential determinants of ADC ef fi cacy, 
prompting the need to consider a variety of approaches to evaluate candidate predic-
tive biomarkers. This could potentially demand a cadre of assays to evaluate clinical 
specimens, as will be further elucidated below. An alternative potential strategy 
would be to employ whole-genome expression signatures to identify likely  responders 
to ADCs. A straightforward approach would be to determine expression pro fi les in 
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preclinical ef fi cacy models that display a dynamic range in sensitivity with the goal 
of de fi ning a set of genes and classi fi ers in this “training set,” followed by subse-
quent evaluation in a “test set” of additional preclinical models. Ideally, this signa-
ture would include genes that are biologically relevant to the drug response or at 
least encode components of cellular networks that could impact ADC ef fi cacy to 
provide a foundation for further functional validation. Although this approach has 
yet to be clinically validated and therefore remains controversial, there have been 
some recent  fi ndings that support the potential utility of this strategy  [  37,   38  ] . 
Furthermore, mRNAs as well as miRNAs or other noncoding RNAs, which also are 
known to modulate pathways that may be important for ADC response, could be 
integrated into this methodology  [  31,   39,   40  ] .  

   Acquired Resistance to ADC Therapy 

 Although ADC studies are already yielding proof-of-concept evidence in the clinic 
and are likely to de fi ne a paradigm shift in the treatment of a variety of cancers, it is 
perhaps inevitable that tumors that initially respond to ADCs will eventually become 
treatment-refractory and will continue to grow in the presence of ADC therapy. This 
acquired resistance phenomenon is widely observed in the context of other molecu-
larly targeted therapies in the clinic and can often be modeled preclinically. Examples 
include the T790M mutation of EGFR in the context of erlotinib therapy  [  41  ] , 
downregulation of CD20 in the setting of rituximab treatment  [  42,   43  ] , overexpres-
sion of BCL-XL and BCL-A1 following ABT-263 therapy  [  44  ] , and deletion of 
PTEN in the context of trastuzumab treatment  [  45  ] . Moreover, it is possible that 
intrinsic resistance and acquired resistance may involve similar mechanisms. 

 For any antibody therapeutic that targets a cell surface protein, one of the most 
likely mechanisms of resistance is downregulation of the antigen target. Preclinical 
models of acquired resistance to rituximab exemplify this. Thus, CD20 downregula-
tion is a commonly observed mechanism of resistance  [  42,   43  ] . Furthermore, this has 
been observed in cases of rituximab-responsive patients who subsequently relapse 
 [  46  ] . The exact mechanism of CD20 receptor downregulation is unclear, but it may 
involve epigenetic suppression of the promoter region  [  43  ] . Since many of the ADCs 
are directed to surface targets that are not necessarily the oncogenic drivers of the 
disease, with the exception of trastuzumab-DM1 conjugate, it would not be surprising 
to  fi nd that tumor cells downregulate the ADC target without consequence for main-
taining tumor cell growth and survival. Another potential mechanism of resistance is 
the increased expression of drug ef fl ux pumps such as multidrug-resistant 1 (MDR1). 
Thus, cell lines conditioned to be resistant to chemotherapies such as colchicine, vin-
blastine, and adriamycin speci fi cally demonstrate upregulation of MDR1  [  47  ] . Clearly, 
measuring the expression of the surface target as well as candidate drug resistance 
genes could point to a clinically testable  hypothesis regarding acquired resistance 
mechanisms, potentially leading to improved treatment  strategies with these agents. 

 Thus far, there have been no published reports describing efforts to model acquired 
resistance to ADCs preclinically, and in light of the success of such efforts for other 
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classes of antitumor drugs, this is likely to be pursued in the near future for ADCs. 
Conceptually, acquired resistance to ADCs could involve any of several components 
and processes—from receptor levels, internalization, drug release, and response to the 
associated chemotherapy drug. Given the plethora of potential mechanisms for 
acquired resistance, it would be important to implement broad discovery genomic 
efforts such as RNA-Seq and whole-genome analysis to reveal the speci fi c molecular 
mechanisms underlying acquired resistance. This should also be explored as a “clinical 
experiment,” and trials involving ADCs should probably be designed to ensure access 
to tumor specimens from patients who demonstrate disease progression following a 
clinical response. Ultimately, this approach would be expected to aid the development 
of therapeutic strategies to circumvent resistance associated with ADC treatment.   

   Predictive Diagnostic Implementation and Challenges 

 Key considerations in assessing the likelihood that a biomarker can be clinically 
implemented include, but are not limited to,  [  1  ]  biomarker prevalence,  [  2  ]  heteroge-
neity of target expression within a tumor, and  [  3  ]  the feasibility of assays required 
to measure the biomarker endpoint from clinical tissue. Therefore, we shall con-
sider each of these as it pertains to ADCs. 

 The prevalence of a predictive biomarker is a crucial  fi rst step in assessing the 
likelihood that a preclinically de fi ned hypothesis can be clinically translated. In its 
simplest form, investigation of parameters of sensitivity and resistance might have 
revealed that the expression of MDR1, for example, was prevalent in about 40% of 
cell lines and accounted largely for the resistance phenotype to an ADC. However, if 
we were to assess such a biomarker in cancer patient samples and it revealed that the 
prevalence was <5%, then it would certainly reduce the likelihood of the biomarker 
having clinical utility, since there would be too few biomarker-positive cases repre-
sented in a standard clinical trial to reach statistical signi fi cance to test the hypothe-
sis. Consequently, it becomes important to consider the caveats of preclinical models 
and to ensure that a broad spectrum of major cancer subtypes and mutations are rep-
resented in any experimental testing of ADCs. Furthermore, in the clinical setting, it 
also becomes important to consider the effect of prior treatments on the expression 
and prevalence of a candidate predictive biomarker. Prevalence studies conducted 
prior to assessment in the clinic are commonly carried out on clinical samples with 
poorly annotated clinical data, and it is becoming more common to report the preva-
lence of biomarkers in the context of clinical trials, as well as to analyze the presence 
of a biomarker in primary versus metastatic disease, with the latter more likely to be 
observed in phase I trials. As mentioned above,  understanding the effect of biomarker 
expression and prevalence in response to standard of care therapies is a critical step 
in generating a robust clinical development plan. 

 It is often the case that new molecular entities (NMEs) enter clinical develop-
ment in patients that have relapsed and/or are refractory to multiple prior therapies. 
By convention, archival  fi xed tissue is the most common form of tumor material 
available to assess the prevalence of a biomarker of interest and is usually obtained 
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at the initial stages of disease presentation. However, we can speculate that the 
tumor biology is likely to have been signi fi cantly impacted by exposure to multiple 
treatment regimens, emphasizing the potential importance of establishing whether 
treatments have an effect on the prevalence of a biomarker. Once a patient pro-
gresses on therapy, it is not standard practice, regardless of cancer type, to re-biopsy 
tumors. One of the most challenging aspects of re-biopsying patients is tissue acces-
sibility. For example, patients that have primary lesions in the breast or skin gener-
ally have more surgically accessible tumors than that those of non-small cell lung 
cancer or prostate cancer. However, this does not necessarily mean that it will not be 
possible to re-biopsy these less accessible tumors, and there is growing interest in 
implementing clinical protocols that include more invasive re-biopsy procedures. 

 A potential alternative to surgical re-biopsy to assess biomarker status is the isola-
tion of circulating tumor cells (CTCs). CTCs are found in the bloodstream at very low 
frequency (~one tumor cell per one billion blood cells) and are believed to be derived 
from the primary tumor and to display similar genetic features (reviewed in  [  48  ] ). This 
has been demonstrated, for example, in a study that examined CTCs in the context of 
EGFR mutation and ge fi tinib treatment, where 92% of patients demonstrated concor-
dance of mutations when comparing the primary tumor and CTCs  [  49  ] . It is not yet 
clear whether more broad-based gene expression pro fi ling of CTCs will re fl ect features 
corresponding to those seen in the primary lesion or that expression of various cell 
surface proteins would be similar; however, CTCs do provide a promising potential 
avenue to assess and characterize a patient’s tumor through noninvasive means. CTC 
enrichment techniques generally rely upon antibodies to EpCam, which is speci fi cally 
expressed on epithelial cells, and are amenable to downstream molecular assays such 
as qRT-PCR, mutation detection, and IHC  [  50  ] . In the context of ADCs, it would be 
important to determine if the expression of the ADC target is present on CTCs and if 
this is re fl ective of the primary tumor before relying solely on CTCs as an end point for 
patient selection or enrichment. Nonetheless, CTCs have enormous potential for the 
predictive biomarker  fi eld and clinical development, and future early stage clinical tri-
als are soon expected to incorporate CTCs as exploratory end points.  

   Predictive Biomarker Assay Platforms 

 The most common assays performed on clinical samples are IHC, for the detection 
of protein expression, FISH for detecting DNA ampli fi cation, qPCR for mutation 
detection, qRT-PCR for measuring RNA expression,  fl ow cytometry for assessing 
protein cell surface expression, and whole-genome expression pro fi ling for  evaluating 
the transcriptome. Collectively, these methodologies can capture the majority of bio-
markers of interest; however, current clinical practice calls for tumor tissue to be 
 fi xed in formalin followed by embedding in paraf fi n, and this limits the sensitivity 
and robustness of many of these genomic assays. 

 For many years, genome-wide expression pro fi ling of tumor material has been 
hampered by the fact that RNA derived from such samples tends to be highly 
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degraded. Fortunately, in the past few years, there have been improvements in such 
analysis, made possible by the application of microarrays  [  51  ] , DASL  [  52  ] , and 
deep sequencing  [  53  ] . Ultimately, this affords the opportunity to assess the tran-
scriptome of tumor samples and to interrogate a variety of biomarkers. A more 
focused approach using qRT-PCR has improved the yield of high-quality expres-
sion data from  fi xed tissue, not only in the research environment, but also as a diag-
nostic test for making treatment decisions in the setting of breast cancer  [  54  ] . The 
success of qRT-PCR for the analysis of RNA derived from  fi xed tissue is largely due 
to the predesigned small size of the amplicon for each transcript, thereby permitting 
ef fi cient ampli fi cation of the mRNA of interest from highly degraded RNA. This 
makes this assay an attractive option for RNA expression, coupled with a well-
de fi ned regulatory approval route for this platform. Similarly, somatic mutations 
from tumor-derived DNA can be readily detected from  fi xed tissues using real-time 
PCR, pyrosequencing, and COLD-PCR approaches  [  55  ] . 

 To assay protein expression, IHC is a well-established technique that can be 
applied to  fi xed tissue and has been used successfully for decades. It is commonly 
used to diagnose cancer subtypes and to select patients for targeted therapies  [  56, 
  57  ] . Moreover, from a regulatory standpoint, IHC is attractive in the context of 
regulatory approval in light of its track record. Although IHC is associated with a 
limited dynamic range in terms of signal to noise, it provides the advantage that it 
can be used to assess the heterogeneity within individual tumors, and this might be 
critical for decision making around speci fi c assay cutoffs, as is exempli fi ed by IHC 
criteria for trastuzumab use in the context of HER2+ breast cancer  [  58  ] . One of the 
main considerations regarding IHC assay development is to ensure that a biomarker 
of interest is preserved during  fi xation and that the epitope has not been masked. 
The use of alternative antibodies that recognize distinct epitopes may mitigate this 
concern. Unfortunately,  fl ow cytometry cannot be performed on  fi xed tissue, and 
this limits the ability to assess cell surface protein expression in  fi xed tumors 
through means other than IHC. Furthermore, a trained pathologist is needed to 
interpret IHC data. Since a minimal level of target antigen on the cell surface is 
potentially required for ADC ef fi cacy, this would be an important consideration. 
However, leukemias, such as CLL or AML, provide an opportunity to assess cell 
surface expression in real time by  fl ow cytometry from fresh samples, thereby pro-
viding an attractive strategy to test a predictive biomarker hypothesis and to achieve 
clinical proof-of-concept without the concerns or challenges associated with  fi xed 
clinical specimens.  

   Conclusions 

 The ability to match the right drug to the right patient is a fundamental emerging 
paradigm in modern oncology practice. There are clear examples of successes in 
this arena, such as trastuzumab and imatinib, that have become the prototypic 
 examples of personalized healthcare in action, with more recent examples 
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 demonstrating  clinical promise, such as vemurafenib for in the treatment of BRAF 
mutant melanoma  [  59  ] , the ALK kinase inhibitor crizotinib in ALK-translocated 
NSCLC  [  60  ] , and the ADC T-DM1 in Herceptin-refractory breast cancer  [  3  ] . The 
onslaught of a large number of ADCs approaching clinical development will poten-
tially deliver novel promising treatment options for cancer patients, and the selec-
tion of the right treatment for individual patients will certainly play a role in this 
process. In this context, it will be crucial to consider testing biomarkers that encom-
pass the various determinants of ADC ef fi cacy, extending beyond target expression. 
With the plethora of potentially regulated steps related to antibody internalization, 
drug release, and toxin response, it would be prudent to develop a suite of testable    
biomarkers, such as those listed in Table  5.1 , that encompass these potential modu-
lators of ADC response. Whether or not a companion diagnostic test will eventually 
be featured as a component of an ADC drug label remains to be determined and will 
undoubtedly be context-dependent, but regardless of these unknowns, a sound diag-
nostic hypothesis generation and testing strategy will certainly contribute to secur-
ing the future of ADCs as a potential paradigm-shifting treatment option for cancer 
patients.       

   Table 5.1    Summary of potential predictive biomarkers for ADCs and potential assay platforms   
 Biomarker  Relationship to ADC mechanism of action  Assay platform 

 ADC target  Required for ADC activity  IHC,  fl ow cytom-
etry, qRT-PCR 

 Ki-67  Proliferative index of tumor may 
determine sensitivity to ADC with 
microtubule-targeted agent 

 IHC and qRT-PCR 

 Tubulin isoforms  Modulation of sensitivity to acquired 
resistance at ADC with microtubule-
targeted agents 

 IHC and qRT-PCR 

 Anti-apoptosis regulators  Modulation of sensitivity and resistance to 
ADCs with chemotherapeutic agent 

 IHC and qRT-PCR 

 Drug ef fl ux pumps  Modulation of ADC linker drug sensitivity  IHC and qRT-PCR 
 Oncogene and tumor 

suppressor mutations 
 Modulation of sensitivity and resistance to 

ADCs with chemotherapeutic agent 
 Real-time PCR, 

RNA-Seq 
 Microtubule modi fi ers and 

cell cycle regulators 
 Modulation of sensitivity to acquired 

resistance at ADC with microtubule-
targeted agents 

 Multiple (qRT-PCR, 
IHC, etc.) 

 ADC target pathway  Negative and positive regulators of 
antibody internalization may modulate 
sensitivity to ADC 

 Multiple (qRT-PCR, 
IHC, etc.) 

 Others  Unknown from preclinical models and 
may require bedside to bench research 

 Broad exploratory 
platforms (e.g., 
RNA-Seq and 
whole-genome 
sequencing) 
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         Introduction 

 Selective targeting of cancer can be accomplished by the use of monoclonal  antibodies 
(mAbs) that bind to tumor-associated antigens expressed preferentially on the sur-
face of cancer cells. Several of these non-derivatized antibodies, or naked antibodies, 
have been approved for the treatment of various cancer types. However, compelling 
single agent activity has only been demonstrated in the treatment of hematological 
malignancies. For example, the anti-CD20 mAb rituximab (Rituxan) is widely used 
in the treatment of B-cell lymphomas. Also, the anti-CD52 antibody alemtuzumab 
(Campath) is used in the treatment of some leukemias. However, antibodies target-
ing solid tumors, such as trastuzumab (Herceptin) for breast cancer, anti-EGF recep-
tor antibodies cetuximab (Erbitux) and panitumumab (Vectibix) for head and neck 
and colon cancers, and the anti-angiogenic agent bevacizumab (Avastin), display 
only modest antitumor activity as single agents. Thus, these antibodies are most 
often used in combination with conventional anticancer drugs, thus retaining the 
high systemic toxicity of standard chemotherapy. In an alternative approach, the 
ef fi cacy of a naked antibody can be greatly enhanced by attachment of a cytotoxic 
molecule to give an antibody–drug conjugate (ADC). 1  The selection of the optimal 
cytotoxic effector, linker, and antibody component of the ADC can be facilitated by 
an understanding of the environments to which the ADC will be exposed to once it 
is administered to a patient and also through the knowledge gained from the develop-
ment of previous ADCs. Most of the current ADCs under development are for the 
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treatment of cancer; however, ADCs are also being  investigated for the treatment of 
autoimmune diseases  [  1  ] . This chapter will deal with the selection of an appropriate 
cytotoxic effector for the preparation of anticancer ADCs, but much of the discus-
sion is relevant to ADCs for the treatment of autoimmune diseases as well.  

   Overview of ADC Delivery to Target Cells 

 Ideally, an ADC should be designed so that it is non-immunogenic and remains 
nontoxic in circulation in vivo until it reaches its target site. After binding to the 
target cell, the conjugate is internalized by a mechanism called receptor-mediated 
endocytosis. The extent of internalization, or endocytosis of an antibody, depends 
on the nature of the cell surface antigens to which the antibody binds and on the 
abundance of these antigens. After internalization one or more active forms of 
the cytotoxic effector are released from the ADC in endosomes or lysosomes, these 
metabolites can then diffuse into the cytoplasm of the cell. Once in the cytoplasm, 
the metabolites can bind to an intracellular target such as microtubules or DNA and 
induce cell death. An ADC must deliver a given threshold concentration of cyto-
toxic metabolite to the cytoplasm of a cell in order to kill it. This threshold level can 
be reduced if higher potency metabolites are released. 

 In principle, a cytotoxic metabolite can be cleaved from an ADC, while the ADC 
is bound to the surface of a targeted cell. This would require the ADC linkage to be 
labile, at least to the conditions on the surface of the targeted cell. The extracellular 
environment of tumors has been reported to be slightly acidic (pH ~6) in which case 
an ADC employing an acid-labile linkage could release active metabolite on the tumor 
cell surface  [  2,  3  ] . Some tumor cell lines are also known to express various proteases 
on their surface such as cathepsins and metalloproteases, which could potentially 
cleave the effector molecule from ADCs that utilize peptide linkers  [  4  ] . Protein 
disul fi de isomerases  [  5  ] , which cause disul fi de cleavage/interchange, are present on 
the surface of some tumor cells and have the potential to release active metabolite 
from ADCs possessing disul fi de-bearing linkers. Once an active form of the effector 
is released at the surface of the targeted cell, the effector could diffuse into the tar-
geted cell or into a nearby cell in order to cause cell death. The effectiveness of such 
cell surface release for the various linkage systems however is unclear.  

   Structure of ADCs 

 A structural representation of an ADC is shown in Fig.  6.1 . Typically, an average of 
2–5 molecules of the effector (depicted as orange spheres) is linked per molecule of 
antibody. Ideally, the effectors are linked at the Fc or constant region of the antibody 
which does not participate in binding to the antigen. The antigen-binding 
 complementarity-determining region loops are shown in yellow and green. 
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The effector is most often linked to the antibody via lysine or cysteine residues on 
the antibody. In the case of lysine attachment, linkage of effector molecules to the 
antibody could theoretically occur through the  e -amino group of any one of the ~80 
lysine residues present on an antibody, but typically a much fewer number of lysines 
(~10) are preferentially accessible for chemical modi fi cation. In the case of cysteine 
attachment, the effector can be linked to reactive cysteine residues, generated by 
reduction of internal hinge region cystine disul fi de bonds of the antibody or cystine 
disul fi des linking the heavy chains to the light chains of the antibody. Complete 
reduction of all four cystines enables the linkage of 8 effector molecules per antibody 
in de fi ned locations. Carefully controlled reaction conditions are required to reduce 
just two cystines to enable linkage of 4 effector molecules, and often variable amounts 
of higher and lower effector incorporation may be obtained  [  6  ] . Thus, both conjuga-
tion methods described above give a heterogeneous distribution of effector molecules 
linked to the antibody molecule. The reported number of effectors per antibody for 
these ADCs is therefore usually given as an average derived from all of the formed 
species.  

 Genetically engineered antibodies can also be produced in which two or more 
reactive cysteine residues are incorporated into the antibody at known locations, 
typically in the Fc region  [  7  ] . Such antibodies have been used to prepare ADCs for 
preclinical testing, but it is not yet clear if this engineered linkage method will 
improve the therapeutic window of ADCs. 

 Linkage of more than  fi ve molecules of the effector by any of these methods is 
often not achievable, since the cytotoxic effectors are usually hydrophobic, which 
can impair the aqueous solubility of the ADC. In addition, linkage of a large number 
of effectors may not be desirable since it could adversely alter the pharmacokinetics 
of the antibody component in vivo or diminish the binding af fi nity of the antibody 
to the antigen on the target cell  [  8  ] .  

  Fig. 6.1    Antibody bearing 
cytotoxic effectors randomly 
linked on lysine residues       
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   Knowledge Gained from First-Generation ADCs 

 The concept of ADCs evolved from the hope that targeted delivery of approved 
anticancer drugs by using mAbs would confer some degree of tumor selectivity 
and thus improve their therapeutic index. Early ADCs were comprised of a tumor-
speci fi c mAb covalently linked to several molecules of a clinically used anticancer 
drug such as doxorubicin, vinblastine, or methotrexate. In the targeting of solid 
tumors, it was believed that the conjugate could deliver a clinically relevant dose 
of the effector to the tumor while sparing cells of noncancerous tissue. These early 
conjugates were evaluated in human clinical trials but were found to have little or 
no activity. Several shortcomings of these early ADCs have since been identi fi ed. 

   Immune Response 

 mAbs used in the early conjugates were either of murine origin or partly murine and 
partly human (chimeric), resulting in an immune response and the generation of 
human anti-murine antibodies that prevented repeat cycles of therapy.  

   Insuf fi cient Potency of the Effector 

 Linkage of the cytotoxic effector to an antibody often resulted in poorer in vitro 
potency for the ADC than the parent compound. Since the effectors used in early 
ADCs were only modestly potent (IC 

50
  values ~10 -8  M), a large number of mole-

cules had to be internalized to achieve a lethal effect. While cytotoxic compounds 
are usually hydrophobic and can freely diffuse into the cell, the extent of ADC 
delivery into cells is limited by antigen expression resulting in diminished potency. 
Thus, the circulating serum concentration of ADCs in patients was not in the thera-
peutic range.  

   Limited Expression of the Antigen 

 Tumor cells typically express only a limited number of antigen molecules on the 
cell surface (typically <1 × 10 5  receptors/cell); the number of effector molecules that 
can be delivered by an antibody may not achieve the intracellular threshold concen-
tration required to cause cell death in the case of the early modestly potent effectors 
that were used  [  9  ] .  
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   Internalization 

 Internalization mechanisms of antibodies can be inef fi cient; the actual number of 
conjugate molecules that are delivered into endocytic vesicles of a cell is often lower 
than the number of molecules that were bound to the cell surface. The route by which 
ADC is internalized can potentially impact ADC processing. For instance, caveolae 
vesicle-mediated internalization, at least in some cases, has been reported to traf fi c 
material to the Golgi or endoplasmic reticulum instead of endosomes or lysosomes 
 [  10  ] . Other modes of internalization appear to traf fi c vesicles to proteolytic compart-
ments. Caveolae-mediated traf fi cking therefore may not ef fi ciently generate cyto-
toxic metabolites from internalized ADCs when proteolysis is required  [  11  ] .  

   Processing 

 Once internalized into endocytic vesicles of a cell, the ADC must release a metabo-
lite that is capable of diffusing or being transported into the cytoplasm. At this point, 
the metabolite must either be active or undergo further processing to give an active 
metabolite that can kill the cell. As previously mentioned, internalization of an ADC 
to non-proteolytic compartments may impede proteolytic metabolite release.  

   Tumor Localization (Tumor Penetration) 

 The localization rate of mAbs at the tumor in patients has been measured for a num-
ber of different tumor types using radiolabeled antibodies and found to be low 
(0.003–0.08% of the injected dose/g tumor)  [  12  ] . In contrast, much higher accumu-
lation rates (~15–20% injected dose/g tumor) were measured in tumor xenografts in 
mice  [  13  ] .  

   Linker Stability 

 The antibody component of an ADC is typically of an IgG type that can be bound by 
the neonatal Fc receptor (FcRn) at low pH. During circulation, naked antibodies and 
ADCs are taken up by cells of the reticuloendothelial system (RES)  [  14  ] . FcRn in 
the low-pH (pH ~6) RES endosomes then binds to most of the antibody, including 
ADCs, and recycles them back into the blood. Any ADC that did not bind to FcRn 
would be degraded in lysosomes of the RES cells to release one or more cytotoxic 
metabolites. Blood plasma also contains some hydrolytic enzymes which can poten-
tially cleave an effector from an ADC during circulation. Thus, circulating ADC is 
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exposed to various hydrolytic plasma enzymes as well as to the acidic environment 
in the endosomes of RES cells which can cleave the payload from the ADC depend-
ing on the chemistry of the utilized linker (see Chap   .   7     ). This nontargeted release of 
effector may contribute to systemic toxicity and also, over time, diminish the load of 
effector on the ADC resulting in poorer potency to the targeted cancer cells.   

   Payload Requirements for an ADC 

   Potency 

 Some of the problems facing the  fi rst generation of ADCs can be addressed by employ-
ing ADCs bearing more highly potent effectors. The problems of limited antigen 
expression and poor antigen internalization ideally would be addressed by targeting 
surface antigens that are highly expressed on cancer cells and to which the bound ADC 
is ef fi ciently internalized. This however may not be possible for a given cancer indica-
tion, but the use of ADCs bearing more highly potent effectors will increase the prob-
ability of delivering a therapeutic dose to tumor cells that have low antigen expression 
or have poor processing. Also because ADCs are likely to have limited tumor penetra-
tion, they require a highly potent effector component to achieve suf fi cient killing of 
tumor cells. The problem of poor tumor penetration is less of an obstacle for the treat-
ment of predominantly liquid tumors, such as acute myeloid leukemia. Thus, liquid 
tumors are generally considered to be more accessible to ADCs than solid tumors. 

 Since only a fraction of an administered ADC is actually taken up by targeted 
cancer cells, the ADC ideally should be equipped with an effector, or an effector-
linker combination, that induces higher potency against cancerous cells than non-
cancerous cells. Cancer cells often divide more rapidly than noncancerous cells; 
thus, an agent which preferentially kills rapidly dividing cells could have higher 
potency against targeted cancer cells than many noncancerous cells. Some cancer 
cells are reported to have elevated levels of reduced glutathione (GSH) or enzymes 
that reduce disul fi de adducts of GSH  [  15  ] . GSH can react with DNA-alkylating 
agents to lower their potency against these cancer cells. GSH can also attack and 
cleave disul fi de bonds. It has been suggested that disul fi de-linked ADCs may have 
higher potency against GSH-rich cancer cells due to enhanced reductive cleavage 
 [  5  ] . Some cancer cells are also multidrug resistant (MDR) because they possess 
proteins, referred to as MDR pumps, which can ef fl ux hydrophobic molecules from 
the cell  [  16,   17  ] . Cancer cells possessing MDR pumps are often more resistant to 
ADCs than other cells. ADCs that release hydrophilic metabolites that are poor 
substrates for the MDR1 pump have recently been developed and shown to have 
improved ef fi cacy against such MDR cancers in preclinical evaluation  [  18  ] . Solid 
tumor cells are reported to have low oxygen levels; the cells are hypoxic  [  19  ] . Some 
anticancer drugs, such as doxorubicin, mitoxantrone, and etoposide, are known to 
have lower activity under hypoxic conditions which may impair the ef fi cacy of such 
compounds when they are utilized in ADCs targeting solid tumors  [  20,   21  ] .  

http://dx.doi.org/10.1007/978-1-4614-5456-4_7
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   Stability 

 Besides the requirement for high potency, the effector component of an ADC should 
also be stable during preparation or storage and during circulation in a patient. 
Effector components that are not fully stable during the preparation or storage of the 
ADC can potentially be converted to more stable prodrug forms prior to antibody 
conjugation. The antibody-linked prodrug can then be converted to its active form 
in circulation or during cellular internalization. However, the use of a prodrug in 
ADCs adds a level of complexity since the ADC itself could be viewed as a targeted 
prodrug of the effector. In addition, the activation of a prodrug may be different 
across species, and what is observed in preclinical models (e.g., mice or rats) may 
not translate to the human situation. For example, mouse and human cathepsin B 
proteases were found to be very similar, while differences were found in the cata-
lytic regions of human and mouse cathepsin K proteases  [  22  ] . A review comparing 
mouse and human degradative enzymes, some of which could potentially be used to 
release effectors from ADCs, has been published  [  23  ] . 

 If the effector component of an ADC is not stable in lysosomes, then the effector 
would need to be cleaved on the cell surface or during cellular internalization but 
before the ADC is subjected to prolonged exposure to lysosomal enzymes. Cytotoxic 
effectors which for instance bear esters, two or more directly attached alpha-amino 
acids, or glycosidic bonds are potentially labile to lysosomal enzymes. For example, 
the highly potent antimitotic agents, dolastatin 15 and cemadotin, can be cleaved by 
intracellular proteases to  fi rst give the potent metabolite P5, which is further cleaved 
to give the much less potent metabolite P4 (Fig.  6.2   [  24  ] ). A non-cleavable linkage 
would not be appropriate for ADCs that utilize protease-labile effector components. 
The stability of an effector or linkage system to lysosomal enzymes can be deter-
mined by HPLC analyses derived from (a) incubation of ADCs bearing radiolabeled 
effector with cells  [  25,   26  ]  or (b) incubation of free unconjugated effector with iso-
lated lysosomes  [  27  ] .   

   Solubility and Membrane Permeability 

 Because an antibody is a protein, the conjugation reactions used to covalently attach 
an effector to an antibody are done in aqueous solutions. Water-miscible organic 
cosolvents can be used in these reactions; however, excessive amounts of organic 
solvent may be required to conjugate a very hydrophobic molecule, which can dam-
age the antibody. Extremely hydrophobic effectors also have the potential to change 
the pharmacokinetic properties of a conjugate or to cause hydrophobic aggregation 
of conjugate. Thus, the effector and linkage system used to prepare an ADC should 
be reasonably soluble in aqueous solutions with minimal organic cosolvents. If an 
effector has poor aqueous solubility, then a more soluble prodrug form can be 
employed. Also if the ADC utilizes a cleavable linker, then it may be preferable for 
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the linker to be hydrophilic to aid in ADC aqueous solubility  [  28  ] . Again if a  prodrug 
form of an effector is chosen, it should be ef fi ciently activated in circulation or dur-
ing cellular internalization. 

 The membrane permeability of the cytotoxic metabolites released from an ADC 
is an important factor to consider. When a non-charged relatively hydrophobic 
metabolite is released from an ADC in a cell, the metabolite will not only be able to 
kill the target cell, but it may also diffuse into and kill a neighboring cell, a process 
known as bystander killing. This may be bene fi cial if the metabolite is released in 
an intentionally targeted tumor cell because bystander killing may also kill a neigh-
boring tumor cell that is less accessible to the ADC. Bystander killing however also 
has the potential to affect noncancerous cells, possibly contributing to systemic 
toxicity.    For a given indication, the decision on whether an ADC should employ 
bystander killing may rely on several factors including (a) homogeneity of antigen 
expression on the tumor; (b) tumor type, liquid tumors may gain little or no bene fi t 
from bystander killing; (c) ef fi cacy in animal studies and therapeutic index; and (d) 
known target antigen expression in noncancerous human tissue.   

   Attributes of ADCs in Clinical Trials 

 There are many ADCs currently in clinical trials, each utilizing one of the following 
linker types: non-cleavable, peptide cleavable, disul fi de cleavable, or acid cleavable. 
The lysosomes of cells are rich in proteolytic enzymes which can degrade the anti-
body portion of an ADC or cleave the peptide moiety of peptide-linked ADCs to 
release one or more cytotoxic metabolites. The concentrations of proteases in blood 
however are much lower than in lysosomes, which often allows these conjugates to 
be stable in circulation. Thiols can reductively cleave disul fi de bonds. Concentrations 
of glutathione, the predominant thiol compound in cells, have been found to be in 
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the millimolar range in the cytoplasm, while the concentration of reductive thiols in 
blood is approximately 1,000-fold lower  [  29,   30  ] . This difference in reductive 
 potential allows disul fi de-linked ADCs to be stable in circulation, while ef fi ciently 
releasing cytotoxic metabolites once the conjugate is internalized by cells. 

 Each of the ADCs currently in clinical trials also utilizes one of  fi ve distinct 
classes of effectors: the tubulin-interacting agents comprised of maytansinoids or 
auristatins or the DNA-damaging agents calicheamicin, duocarmycin, or doxorubi-
cin derivatives (Fig.  6.3 ). The  fi rst four effectors are highly potent against cells 
in vitro ,  with IC 

50
  values in the sub-nanomolar range: maytansinoids (10–100 pM) 

 [  31,   32  ] , auristatins (10–500 pM)  [  33  ] ,  N -acetyl  g  calicheamicin (~1 nM)  [  34  ] , and 
duocarmycin (40–100 pM)  [  35  ] , while doxorubicin is 100–1,000 times less potent.  

   Microtubule-Binding Agents 

 Microtubules are tube-shaped polymers of alpha and beta tubulin dimers that are 
important components of the cytoskeleton, which gives the cell its de fi ned shape 
and also acts as a scaffold to which organelles are attached and transported within a 
cell. Microtubules are the main component of mitotic spindles which precisely 
 segregate chromosomes during cell division. To function properly, microtubules 
must be able to readily grow and contract at their ends, a process referred to as 
microtubule dynamics. Cytotoxic compounds such as the taxanes bind to tubulin to 
cause the formation of an altered form of microtubules which are stabilized and 
cannot contract properly  [  36  ] . Other compounds such as vincristine and vinblastine 

  Fig. 6.3    Structures of effectors utilized by ADCs currently in clinical trials       
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inhibit the formation of microtubules  [  37  ] . These effects of microtubule stabiliza-
tion or the suppression of microtubule assembly generally have a greater impact on 
dividing cells than nondividing cells presumably because mitotic spindle function is 
impaired causing cells to arrest in the G2/M phase and subsequently die. Thus, 
microtubule-binding agents may be an ideal choice for use in ADCs because their 
mechanism of action provides an inherent selectivity for killing dividing cells, such 
as cancer cells. Microtubule-binding agents however have been found to impair the 
function of peripheral neurons resulting in neuropathy  [  36,   38  ] .  

   Maytansinoids 

 Maytansine is a benzoansamacrolide that was  fi rst isolated from the bark of the 
African shrub  Maytenus ovatus  (Fig.  6.4 ). Maytansine binds with high af fi nity to 
tubulin near the vinca alkaloid binding site. Maytansinoids were found to bind with 
high af fi nity to the ends of microtubules and also to bind with lower af fi nity to sites 
distributed throughout the microtubules resulting in the suppression of microtubule 
dynamics  [  39  ] . Maytansine was extensively tested in preclinical and clinical set-
tings but failed to demonstrate a therapeutic bene fi t at tolerable doses. The unusu-
ally high cytotoxic activity of the maytansinoids however makes them attractive 
candidates for antibody-targeted delivery. In addition, maytansine met other key 
criteria, such as good aqueous stability and reasonable aqueous solubility, for use as 
a payload for ADCs.  

 Several maytansinoid ADCs have been developed to utilize a disul fi de linkage 
between the maytansinoid and the antibody in order to exploit the higher glutathi-
one levels in cells vs .  blood and the even higher levels of glutathione in many drug-
resistant cancer cells. Conjugates having different disul fi de bond strengths were 
desired in order to optimize the activity of the ADC for a given indication. 
It is known that the strength of a disul fi de bond can be increased by incorporating 
methyl groups on the carbon bearing the sulfur atoms in order to sterically hinder 
nucleophilic attack (Fig.  6.5 ). Structure–activity relationship (SAR) studies on 
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maytansinoids showed that the C3 side chain is required for biological activity but 
that the structure of this side chain can be varied without a signi fi cant loss of activ-
ity (Fig.  6.4   [  40  ] ).  

 Incorporation of methyldisul fi de substituents into the C3 ester side chain resulted 
in maytansinoids that retained or exceeded the in vitro potency of the parent com-
pound maytansine. Reduction of the methyldisul fi des then provided thiol-containing 
maytansinoids. Two of these maytansinoid compounds, DM1, bearing a thiol on a 
primary carbon, and DM4, which has two methyl groups on the carbon atom bear-
ing the thiol, were selected for evaluation in ADCs. These maytansinoids were 
linked to antibodies via cleavable disul fi de bonds or non-cleavable thioether links 
 [  41  ] . ADCs bearing an average of 3–4 maytansinoids linked per antibody are pres-
ently in clinical trials. 

 Linkage of DM1 to the lysine residues of a mAb via a non-cleavable linker such 
as SMCC gives a non-cleavably linked maytansinoid ADC (mAb–SMCC–DM1) 
 ( Fig.  6.6 ). When such a mAb–SMCC–DM1 conjugate is internalized by a cell, the 
antibody portion is degraded in a lysosome to release a sole metabolite consisting of 
DM1 attached via the linker to a lysine residue (Fig.  6.7   [  25  ] ). This metabolite then 
diffuses into the cytoplasm of the cell to induce cell death.   

 DM1 has also been linked to a mAb via the SPP linker to give an ADC with a 
cleavable disul fi de bond, mAb–SPP–DM1 (Fig.  6.8 ). Similarly, DM4 has been 
linked to a mAb via the SPDB linker to give mAb–SPDB–DM4; the disul fi de bond 
of which is approximately seven times more stable to thiol attack in vitro than that 
of mAb–SPP–DM1 conjugates  [  42  ] . The antibody component of disul fi de cleavable 
maytansinoid conjugates is generally cleaved in lysosomes to give a lysine-bearing 
metabolite with the linker and maytansinoid still attached. This metabolite diffuses 
into the cytoplasm where the disul fi de bond is cleaved, presumably by GSH, to 
release non-charged, membrane-permeable DM1 or DM4 (Fig.  6.9 ). The DM4 
metabolite can also be  S -methylated, presumably by enzymes in the cytoplasm of 
cells, to give the corresponding sul fi de  S -methyl-DM4. DM1 can also be  S -methylated 
by cells but to a lower extent. Thus, both mAb–SPP–DM1 and mAb–SPDB–DM4 
conjugates produce membrane-permeable metabolites that can diffuse into, and kill, 
neighboring cells. This bystander killing enhances the potency of these conjugates 
against solid tumors in vivo  [  43  ] . Studies employing ADCs with non-cleavable 
 linkers bearing isotopically labeled maytansinoids have con fi rmed that the 

  Fig. 6.5    Effect of hindrance on disul fi de bond stability       
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 maytansinoid component is fully stable to endosomal and lysosomal conditions 
during internalization into targeted cells  [  25  ] . Also, as expected, maytansinoid 
ADCs suppress microtubule dynamics in a similar manner to unconjugated may-
tansinoids  [  44  ] . Clinical results of selected maytansinoid ADCs are described in 
separate chapters of this book.    

   Auristatins 

 Dolastatin 10 is a highly potent antimitotic agent which was isolated from the sea 
hare  Dolabella auricularia  found in the Indian Ocean and the coastal waters of 
Japan (Fig.  6.10   [  45  ] ). Dolastatin 10 and its derivatives were found to have the fol-
lowing properties: inhibition of tubulin-dependent GTP binding, noncompetitive 
inhibition of vincristine binding to tubulin, and inhibition of microtubule dynamics. 
The synthetic auristatin series of antimitotic agents were identi fi ed by SAR studies 
based on dolastatin 10  [  46  ] . The dolaphenine residue of dolastatin 10 could be 
replaced with phenethylamine or substituted phenethylamine moieties without loss 
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of potency. It was also found that potency was retained when the terminal tertiary 
amine moiety of dolastatin was replaced with a primary or secondary amine.  

 There are two forms of auristatin presently employed in ADCs under clinical 
evaluation, auristatin E (MMAE) which can diffuse through cell membranes to kill 
cells and auristatin F (MMAF) which bears a carboxylic acid that impedes diffu-
sion into cells. MMAE is conjugated to antibodies through a peptide-cleavable 
self-immolating linkage system. The resulting ADCs release MMAE in cells by 
 fi rst cleaving the amide bond between the peptide and the aromatic amine, fol-
lowed by self-immolation of the para-aminobenzyl moiety and loss of carbon diox-
ide (Fig.  6.11 ). MMAF is conjugated to the antibody through a non-cleavable 
linker. The antibody portion of the resulting ADC is degraded once internalized by 
cells to release a metabolite containing MMAF linked to a cysteine residue 
(Fig.  6.12 ). MMAE conjugates have been shown to induce bystander killing, while 
MMAF conjugates do not  [  47  ] . Studies employing non-cleavable ADCs bearing 
isotopically labeled auristatin F have shown that the released metabolite is stable 
in vitro during cellular internalization and exposure to lysosomes  [  26  ] . Clinical 
results of selected ADCs containing auristatins are described in separate chapters 
of this book.    
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   DNA-Targeting Agents 

 There are cancer indications where low-molecular-weight antimitotic drugs, including 
tubulin binding agents, are not effective, and in such cases, it is not yet clear if antimi-
totic agents will be the best choice of effector component for an ADC. Chemotherapeutic 
agents targeting DNA can cause damage by several mechanisms: base alkylation, 
induction of single or double-strand cleavage, or the agent can intercalate into the 
DNA minor grove to alter the DNA’s three dimensional structure  [  48  ] . In many cases, 
DNA repair enzymes can  fi x the damage as long as it is not too extensive. DNA agents 
are also toxic to noncancerous cells but in many cases have been reported to show a 
greater selectivity toward killing rapidly dividing cells than slowly dividing cells. Two 
possible rationales for this selectivity have been proposed: (i) during replication, 
regions of chromatin decondense to become more accessible to DNA agents  [  49  ] , and 
(ii) rapidly dividing cells have little time to repair DNA damage before encountering 
G2 phase checkpoints that can trigger cell death  [  50  ] . Antimitotic agents however 
appear to be more selectively potent against rapidly dividing cells compared to slowly 
or nondividing cells than DNA-damaging agents  [  48  ] .  
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   Doxorubicin 

 Doxorubicin, also known as Adriamycin, is a DNA-intercalating anthracycline 
 antibiotic. It can kill cells in the manner described for DNA-damaging agents, but it 
also appears to induce toxicity due to binding and interference with the enzyme 
topoisomerase, which is required for DNA replication  [  51  ] . Milatuzumab–
doxorubicin is an ADC which targets CD74 antigens for the treatment of multiple 
myeloma and is currently in phase I clinical trials. In spite of its relatively modest 
potency, milatuzumab–doxorubicin is being investigated because the targeted cells 
are reported to have a very high uptake and catabolic processing of bound anti-
CD74, up to 8 × 10 6  anti-CD74 per day; thus, cells treated with this ADC could be 
exposed to high levels of cytotoxic metabolite  [  52  ] . However it may be dif fi cult for 
milatuzumab–doxorubicin to penetrate into tumor cells which are located in the 
bone marrow  [  53  ] .  
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  Fig. 6.10    Structures of dolastatin 10, auristatin E, and auristatin F       
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   Calicheamicin 

 Calicheamicin  g 1 is an enediyne-containing molecule produced by the bacterium 
 Micromonospora echinospora  and is approximately 4,000-fold more potent than 
doxorubicin (Fig.  6.3   [  54  ] ). Calicheamicin  g 1 was likely thought to be too toxic for 
use in ADCs, and hence,  N -acetyl- g -calicheamicin, which is 20-fold less potent, was 
utilized instead. The natural trisul fi de moiety was also replaced with a disul fi de to 
simplify the synthesis of the effector. Once internalized by a target cell,  N -acetyl- g -
calicheamicin induces DNA damage via a diradical mechanism (Fig.  6.13 ). First, 
 N -acetyl- g -calicheamicin binds, via its oligosaccharide moiety, to the minor groove 
of DNA, followed by cleavage of the disul fi de moiety, presumably by intracellular 
glutathione in the cytoplasm, to release a thiol which intramolecularly attacks the 
bridgehead double bond of the enediyne causing diradical formation. In the presence 
of oxygen, this diradical can then abstract two hydrogen atoms from the same or 
separate strands of DNA ultimately resulting in single- or double-strand cleavage.  

  N -acetyl- g -calicheamicin is typically linked to antibodies through an acid-labile 
hydrazone bond, and the resulting ADCs are highly potent. ADCs of  N -acetyl- g -
calicheamicin that contain a non-cleavable linker instead of the hydrazone linkage 
have also been shown to be active in vitro on some cell lines  [  55  ] . 

 Mylotarg, an acid-labile hydrazone-linked ADC utilizing an anti-CD33 antibody 
and  N -acetyl- g -calicheamicin, was developed by Wyeth but was recently withdrawn 
from the market because of its poor therapeutic index. The dose-limiting toxicity 
(DLT) was cited as hepatic sinusoidal obstruction. It has been speculated that the 
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conjugate undesirably targeted CD33+ cells in the hepatic sinusoids of human liver 
to induce the dose-limiting toxicity and that ADCs utilizing  N -acetyl- g -calicheamicin 
with other antibodies would not necessarily have this problem  [  56  ] . The more recent 
 N -acetyl- g -calicheamicin ADC inotuzumab ozogamicin, which targets CD22+ cells, 
is presently in phase III and phase II clinical trials for aggressive non-Hodgkin’s 
lymphoma (A-NHL) and indolent non-Hodgkin’s lymphoma, respectively (I-NHL). 
Reversible thrombocytopenia was identi fi ed as the main DLT, with few occurrences 
of liver DLTs  [  57  ] , although the maximum tolerated dose was quite low (1.8 mg/
m 2 ). An I-NHL study has recently shown a 50% overall response rate with 19% 
complete responses  [  58  ] .  

   Duocarmycin 

 Duocarmycins are naturally occurring antibacterial agents isolated from 
 Streptomyces   [  59  ] . They are DNA minor groove alkylators, and synthetic analogs 
have been prepared in both the “active” cyclopropyl ring-closed form and in the 
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ring-opened form (Fig.  6.14   [  35  ] ). The ring-opened form can be converted to the 
ring-closed  cyclopropyl form in the presence of mild base, and this ring-closed 
form reacts with adenine residues on DNA causing alkylation. However, the ring-
closed form is prone to inactivation by water or other nucleophiles. For the purpose 
of preparing an ADC, it was desirable to prevent inactivation of the effector. This 
was achieved by converting the hydroxyl group of the phenolic moiety in the ring-
opened form to a methyl piperazinyl carbamate prodrug prior to conjugation with 
an antibody. The amine moiety of the carbamate, which is charged in aqueous solu-
tion, may also improve the effector’s aqueous solubility. The ADC MDX-1203 
which utilizes a human anti-CD70 antibody linked to a synthetic duocarmycin 
derivative is currently undergoing phase I clinical evaluation in patients with clear 
cell renal cell carcinoma (ccRCC) or B-cell non-Hodgkin’s lymphoma (B-NHL). 
Once internalized by antigen-positive CD-70 cells, the valine–citrulline linkage of 
MDX-1203 is cleaved in an endosome or lysosome to release the aniline-bearing 
duocarmycin, followed by cleavage of the phenolic carbamate by carboxyl esterase 
(Fig.  6.15 ). Once the phenolic hydroxyl is freed, cyclopropane ring closure occurs 
to give the active cytotoxic metabolite. The metabolite can then diffuse into the 
minor groove of DNA where it alkylates preferentially on the N3 adenine of AT-rich 
regions. Data on the stability of duocarmycin derivatives to lysosomal enzymes has 
not been reported.     

   Conclusion 

 The lessons learned from the failure of the  fi rst-generation ADCs have led to 
improvements in almost every aspect of ADC design. Most of the new-generation 
ADCs employ humanized antibodies that are not immunogenic and cytotoxic 
effectors that are highly potent such that the low amount of ADC typically 
delivered to tumor cells in vivo can induce cell death. Both antimitotic and 
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DNA-damaging agents have been used as effectors in the preparation of 
 clinically effective ADCs. However, in some cases, attributes of the effector, 
such as poor aqueous solubility or low stability in circulation, have been prob-
lematic. Conversion of the cytotoxic agent into a prodrug form has been shown 
to solve many of these problems, although such derivatizations can increase 
complexity. An understanding of the mechanism of cellular activation of ADCs 
had led to the design of linkers that are stable in circulation, yet release active 
metabolite inside the cell. 

 The current generation of ADCs represents a new paradigm in cancer therapy, 
and the recent clinical successes have rejuvenated interest in this  fi eld. New cyto-
toxic effectors or effector/linker combinations are actively being evaluated, some of 
which may invoke novel mechanisms of action. However, the properties of high 
potency, stability in circulation, reasonable aqueous solubility, and ef fi cient metab-
olite release in targeted cells will likely continue to be highly important in designing 
effectors for ADCs. There will also be a continued emphasis on widening the thera-
peutic index, while also addressing other needs, such as ways to treat tumors with 
low antigen expression and those that are multidrug resistant.      
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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, 
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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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 Malignancies of B-cell origin constitute a diverse set of neoplasms that vary in 
B-cell subtype of origin and underlying genetic drivers. In addition, they vary 
widely in clinical outcome. Follicular non-Hodgkin’s lymphoma (FL) or chronic 
lymphocytic leukemia (CLL), are indolent and incurable diseases with a median 
survival of 8–10 years whereas the more aggressive diseases such as Diffuse large 
B-cell lymphoma (DLBCL) and Mantle cell lymphoma (MCL) can have a median 
survival of 6 months if left untreated. DLBCL is the most common type of NHL 
accounting for approximately 30–40% of all NHL diagnosis followed by follicular 
lymphoma (20–25% of NHL diagnosis) and MCL (6–10% NHL diagnosis). B-cell 
chronic lymphocytic leukemia (B-CLL) is the most common of the chronic leukemias 
in adults with approximately 15,000 new cases per year in the United States  [  1  ] . 
These diseases are quite diverse; however, most of them are treated with the anti-
CD20 chimeric monoclonal antibody rituximab (Rituxan ® , MabThera ® ) in combi-
nation with cytotoxic chemotherapy. Although durable responses can be achieved in 
some patients, approximately half of patients with aggressive NHL will ultimately 
experience progressive or relapsed disease. In addition, indolent B-cell malignan-
cies remain incurable despite longer durations of response with current therapies. 
Thus, there is still a need for treatments that can signi fi cantly extend disease-free 
and overall survival in these patients, with at least acceptable if not superior safety 
pro fi les. 

 The development of antibody–drug conjugates (ADCs) for the treatment of B-cell 
malignancies provides a unique opportunity to  fi ll these unmet medical needs. NHL 
is responsive to chemotherapy, unconjugated antibody therapies, and radioimmuno-
conjugate therapies, suggesting that these tumors are accessible by antibody-based 
therapies and would be responsive to cytotoxics delivered by an ADC. Furthermore, 
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rituximab (chimeric IgG1 anti-CD20) depletes normal B cells and has a generally 
acceptable safety pro fi le in humans, suggesting that expression of an ADC target on 
normal B cells that results in depletion of normal B cells will not result in unaccept-
able toxicities  [  2  ] . There are a number of potential ADC targets that are B-lineage 
markers whose expression is restricted to the B-cell compartment and are also 
expressed on non-Hodgkin’s lymphoma NHL including CD19, CD20, CD21, CD22, 
and CD79. Additional targets that have a wider expression pattern that extends 
beyond B cells but could also be good ADCs targets for NHL include CD70, CD72, 
and CD180. The expression pattern and biology of these targets as well as the prop-
erties of the linker-drugs being explored bring a diverse and promising collection of 
ADCs for the treatment of B-cell malignancies. 

   ADCs for the Treatment of NHL Currently in Clinical Trials 

 There are three ADCs in clinical trials designed only to treat B-cell malignancies 
inotuzumab ozogamicin (IO, CMC-544), SAR3419, and DCDT2980S. IO and 
DCDT2980S both target the CD22 antigen and SAR3419 targets CD19. CD22 is a 
member of the SIGLEC family of proteins and binds to  a 2,6 linked sialic acid resi-
dues; it functions as a negative regulator of B-cell antigen receptor signaling  [  3  ] . 
CD22 expression is restricted to the B-cell lineage. During B-cell development, 
CD22 is  fi rst detected at the pre-B-cell stage, is expressed through the development 
of mature B cells, and is decreased during differentiation into plasma cells  [  4  ] . 
CD22 is expressed in the vast majority of NHLs. Similar levels of CD22 expression 
are observed in DLBCL, FL, and marginal zone lymphomas. CD22 expression is 
slightly higher in hairy cell leukemia compared to other tumor types and normal B 
lymphocytes and is comparatively lower in CLL  [  5  ] . 

 Inotuzumab ozogamicin (IO, CMC-544) is a human IgG4 monoclonal antibody 
to CD22 conjugated via an acid-labile hydrazone linker to a cytotoxic DNA damag-
ing agent calicheamicin  [  6,   7  ] . This is the same linker-drug used in gemtuzumab 
ozogamicin (Mylotarg), which was the  fi rst approved ADC for the treatment of 
acute myeloid leukemia. IO has been tested in several Phase 1 clinical trials for the 
treatment of NHL as a single agent, in combination with rituximab  [  8–  10  ]  and in 
combination with rituximab, vincristine, and cyclophosphamide and prednisone 
(R-CVP)  [  11  ] . In a Phase 1 open-label dose escalation study in heavily pretreated 
( ³ 2 prior therapies) FL and DLBCL patients ( n  = 79), the maximum tolerated dose 
(MTD) of single-agent IO was 1.8 mg/m 2  dosed every 4 weeks. The dose-limiting 
toxicities (DLTs) were thrombocytopenia and neutropenia. IO also demonstrated 
antitumor activity in relapsed and refractory FL and DLBCL patients with an ORR 
of 68 and 15%, and median progression free survival (PFS) of 10.4 months and 1.6 
months, respectively. Results from a Phase 1b expansion in combination with ritux-
imab (375 mg/m 2 ) showed that in a similar population of patients enrolled into the 
single-agent Phase I study, the MTD remained 1.8 mg/m 2  and tolerability was unaf-
fected by the addition of rituximab. The PFS at 1 year was 80% in follicular patients 
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( n  = 41) and was 56% in relapsed DLBCL patients. The overall response rate (ORR) 
in both these populations was 80%  [  8,   12  ] . Also, when used as an early line of 
therapy, the combination of rituximab and IO potentially adds ef fi cacy without 
changing safety  [  8  ] . Based on these results, IO is being studied in a phase III trial in 
patients with relapsed/refractory DLBCL who are not candidates for high-dose 
 chemotherapy with stem cell rescue. This study is comparing IO in combination 
with rituximab vs. physician’s choice of rituximab plus bendamustine or rituximab 
plus gemcitabine (ClinicalTrials.gov identi fi er NCT01232556). 

 In addition to combinations with rituximab, IO has been studied in combination 
with immunochemotherapy regimens. In combination with R-CVP (rituximab 
375 mg/m 2 , vincristine 1.4 mg/m 2 , and cyclophosphamide 750 mg/m 2  all given on 
day 1, and prednisone 40 mg/m 2  given on days 1 through 5 on a 3-week cycle) in 
patients with relapsed/refractory NHL the MTD of IO was 0.8 mg/m 2 , which is 
lower than the MTD of single-agent IO or IO when combined with rituximab only. 
The DLTs were acute hepatitis, thrombocytopenia, and neutropenia requiring sup-
port with G-CSF. Preliminary ef fi cacy data from the dose–escalation portion of the 
study ( n  = 15 evaluable patients) showed an ORR of 87% (33% with complete 
response; 53% with partial response). In patients with FL, which constituted the 
majority of the evaluable study patient population, the ORR was 100% (45% with 
complete response)  [  11  ] . IO in combination with other agents for the treatment of 
NHL and Acute lymphoblastic leukemia (ALL) continues to be studied in ongoing 
Phase I and Phase II clinical trials. 

 The second ADC targeted to CD22 is DCDT2980S. DCDT2980S is an anti-CD22-
humanized IgG1 conjugated to the potent tubulin-destabilizing agent monomethyl 
auristatin E (MMAE) via antibody cysteines residues by a maleimidocaproyl–valine–
citrulline- p -aminobenzyloxycarbonyl (MC-vc-PAB) linker that is designed to be 
cleaved by cathepsins. This is the same linker-drug that is used in the recently 
approved anti-CD30 ADC brentuximab vedotin (SGN-35) that has shown excellent 
ef fi cacy and safety in the treatment of relapsed/refractory Hodgkin lymphoma (see 
Chap.   10    ). The promising results with the MC-vc-PAB-MMAE ADC in Hodgkin’s 
lymphoma and with IO (anti-CD22 ADC) are encouraging for the clinical possibili-
ties for DCDT2980S. DCDT2980S is currently in Phase I testing both as a single 
agent and in combination with rituximab (ClinicalTrials.gov identi fi er 
NCT01209130). 

 The third ADC in clinical trials for the treatment of NHL is SAR3419, which 
consists of a humanized anti-CD19 antibody and with a linker cleavable by disul fi de 
reduction (SPDB) attached to the maytansinoid DM4 through lysine residues  [  13  ] . 
CD19 is a member of the Ig superfamily of proteins. It is expressed on all mature B 
cells, exists in the B-cell membrane in a complex with CD21, CD81 and CD225, 
and complexes with the B-cell receptor (BCR) to lower the threshold for antigen 
receptor stimulation and regulate B-cell receptor signaling. CD19, like CD22, is 
expressed only in the B-cell lineage starting at the pre-B-cell stage and not expressed 
in plasma cells. CD19 is also expressed in the vast majority of NHLs  [  14,   15  ] . There 
have been two Phase I trials of SAR3419 in relapsed and refractory NHL testing 
every 3-week and weekly dose schedules. These studies established the MTD of 
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160 mg/m 2  dosed every 3 weeks and 55 mg/m 2  dosed weekly. In both cases DLT 
was reversible ocular toxicity, with affected patients experiencing some level of 
blurred vision or vision impairment; the incidence and frequency was lower with 
the weekly schedule. The ef fi cacy also appears to be better in the weekly schedule 
with a 33% ORR compared to 17% for every 3 week dosing although as patient in 
the dose escalation are included so a direct comparison of ef fi cacy should be treated 
with caution  [  16  ] . SAR3419 is currently being tested in phase 2 trials as a single 
agent and in combination with rituximab. Additional information about SAR3419 is 
detailed in Chap.   10    . 

 The combination of any of the aforementioned ADCs with rituximab would 
seem very promising for several reasons. Rituximab is generally well tolerated and 
can be combined safely with and enhance the ef fi cacy of chemotherapy. Evidence 
supporting this is the demonstration that, the combination of rituximab and IO was 
just as tolerated as IO at maximum single-agent doses and the combination did not 
lead to unacceptable toxicity while potentially resulting in enhanced antitumor 
activity  [  8  ] . Another reason that the combination of these ADCs with rituximab is 
of interest is that the expression patterns of CD20, CD19, and CD22 on normal B 
cells are overlapping. Consequently, the depletion of normal B cells with rituximab 
treatment could potentially remove the antigen sink and increase the exposure of the 
tumor to the ADC. If this increase in exposure does not decrease the tolerability of 
the ADCs, as seems to be the case with IO plus rituximab, this would provide an 
additional rationale to expect an increase in ef fi cacy of these ADCs in combination 
with rituximab. 

 Another indication currently under study for the use of anti-CD19 and anti-CD22 
ADCs is in B-cell acute lymphoblastic leukemia (B-ALL). In adults who are treated 
with intensive chemotherapy long-term survival is approximately 40%; however, 
the treatments are poorly tolerated and the majority of patients are not cured. CD19 
is expressed on greater than 99% of B-ALL and CD22 is expressed on 93% of 
B-ALL  [  17  ] . B-ALL remains a major unmet medical need—despite the incorpora-
tion of aggressive induction and consolidation chemotherapy, the majority of adults 
with B-ALL will ultimately have disease relapse and die of their disease. Patterns of 
CD19 and CD22 expression in B-ALL have not surprisingly led to the investigation 
of IO and SAR3419 in clinical trials for adult B-ALL. IO was tested in relapsed/
refractory ALL dosed every 3 weeks at 1.8 mg/m 2  and the major side effects were 
thrombocytopenia and hepatic toxicity as observed in the NHL trials. The ORR was 
57% ( n  = 49) with 18% CRs  [  18  ] . Based on the data with SAR3419 in NHL described 
above, SAR3419 is currently being tested in a Phase II trial for the treatment of 
relapsed/refractory ALL (ClinicalTrials.gov Identi fi er NCT01440179). 

 In addition to the three ADCs in clinical development speci fi cally targeting 
B-cell malignancies, two ADCs targeting CD70 (SGN-75 and MDX-1203), which 
is expressed in both hematologic and solid tumors, are in clinical development. 
CD70 is a TNF family member and the ligand of CD27 and is transiently expressed 
on normal activated B and T cells  [  19  ] . CD70 is expressed in ~70% of NHL  [  20  ]  as 
well as solid tumors including renal cell, thymic, and nasopharyngeal carcinomas 
( [  21  ]  and references there in), and in glioblastomas and astrocytomas  [  22  ] . 
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The restricted expression pattern of CD70 in normal tissue and its prevalence in a 
variety of tumors make it a promising target for ADCs. SGN-75 consists of the 
antibody anti-CD70 (h1F6) conjugated via a noncleavable maleimidocaproyl linker 
(MC) to monomethyl auristatin F (MC-MMAF)  [  21  ] . MMAF is less permeable to 
the cell but more potent than MMAE and requires internalization of the ADC for 
activity. The resulting lysosomal degradation of the antibody results in the genera-
tion of the active catabolite cysteine-MC-MMAF inside tumor cells  [  23  ] . SGN-75 
is being evaluated in Phase I clinical trial for CD70-positive relapsed and refractory 
Non-Hodgkin Lymphoma and metastatic renal cell carcinoma. 

 MDX-1203 is an anti-CD70 ADC using a derivative of the DNA alkylating agent 
duocarmycin (described below) is also in early Phase 1 clinical development 
(ClinicalTrials.gov Identi fi er NCT00944905). MDX-1203 consists of a human anti-
CD70 antibody to which duocarmycin (MED-2460) is conjugated via a cleavable 
peptide-based linker  [  24  ] . The duocarmycins are a derivative of the antibiotic 
CC-1065, a DNA alkylating agent. Like the other drugs used in the ADC format, the 
duocarmycins are highly potent cytotoxic agents with a narrow therapeutic window 
when administered as free agents. For example, the duocarmycin KW-2189 was 
tested for the treatment of solid tumors in early clinical trials  [  25  ] . However, KW-2189 
did not demonstrate ef fi cacy at tolerated doses as systemic chemotherapy. With 
MDX-1203, however, activity of the duocarmycin derivative is dependent on two 
events, cleavage of the linker by lysosomal proteases and activation by carboxyes-
terases that remove a protecting carbamate  [  24  ] . The active drug then causes alkyla-
tion of the -3 position of adenine in the DNA. This mechanism of action ensures that 
the internalization and conversion to active drug will be highly speci fi c to tumor cells 
whereas normal tissues will be minimally exposed to active drug, thus theoretically 
providing an additional level of safety without compromising ef fi cacy. 

 While still preliminary, the data reported to date of ADCs in the treatment of 
B-cell malignancies and their combinability with existing therapies offer the poten-
tial to further provide better outcomes for patients.  

   Preclinical ADCs for the Treatment of B-Cell Malignancies 

 Three other ADCs using different drug-linker technologies are being studied target-
ing CD19 or CD22. The  fi rst, anti-CD19(hBU12)-MC-MMAF (SGN-CD19A)  [  26  ] , 
consists of an anti-CD19-directed antibody (hBU12) conjugated to the MC-MMAF 
linker-drug used in SGN-75. The second ADC, MDX-1206, targets CD19 and is 
conjugated to the same duocarmycin DNA alkylating agent as in the anti-CD70 
ADC MDX-1203. MDX-1206 has been shown to have signi fi cant activity in pre-
clinical models of NHL, and appears to have a well-tolerated pro fi le with a signi fi cant 
therapeutic index based on pilot results obtained in cynomolgus monkeys  [  27  ] . 

 The third reported ADC to these two targets is the anti-CD22 ADC 
Epratuzumab-SN-38  [  28  ] . Epratuzumab is a humanized anti-CD22 antibody (uncon-
jugated) that is currently in clinical trials for the treatment of B-cell  malignancies 
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 [  29  ]  and lupus  [  30  ] . The drug, SN-38, is the active metabolite of the topoisomerase 
I inhibitor irinotecan. SN-38 is attached to the antibody through cysteines and contains 
a short polyethylene glycol segment and a lysine that increase solubility. Once internal-
ized into the cell, the drug is mostly likely released through a pH-sensitive benzyl 
carbonate bond to SN-38’s lactone ring  [  28  ] . The linker appears to be relatively labile 
in vitro as control conjugates and Epratuzumab-SN-38 were equally effective in vitro 
suggesting ef fi cient release of free drug. Furthermore, anti-CD20 antibody-SN38 
ADCs, which do not internalize upon binding, were also effective in vivo. In xenograft 
studies, Epratuzumab-SN-38 was more ef fi cacious than non-anti-CD22-directed con-
trol conjugates, suggesting that this type of linker could be the optimal choice to use 
with targeted delivery of SN-38, which itself is less potent that the other drugs used in 
the ADCs discussed in this chapter, to CD22-positive tumor cells. This suggests that 
the combination of a cytotoxic drug that is reasonably well tolerated combined with a 
linker that readily facilitates its release as free drug could be an alternate approach to 
ADC design. This contrasts with the other ADCs described in this chapter, which 
emphasize the combination of highly stable linkers and highly potent cytotoxic drugs. 
Epratuzumab-SN-38 has not been tested in the clinic. Given the other ADCs that tar-
geted CD22, it would be interesting to see the comparisons of safety and tolerability 
with these different linker–cytotoxic combinations. 

 In addition to the targets for the treatment of NHL by ADCs that are currently in 
clinical trials, B-cell surface proteins CD20, CD21, CD72, CD180, CD79a, and 
CD79b have all shown ef fi cacy as ADC targets for NHL  [  31–  33  ] . CD20 differs 
from the other targets listed in that it is very poorly internalized upon antibody bind-
ing and is therefore less suited as an ADC target. Still, an unconjugated anti-CD20 
(rituximab) is an effective therapy for NHL and CLL either as a single agent or in 
combination with standard chemotherapy. Additionally, anti-CD20 ADCs were 
shown to be more effective than comparable unconjugated anti-CD20 antibodies 
with three different linker-drugs  [  31–  33  ] . An ADC that could engage the effector 
function of the antibody component resulting in potential enhancement of ADC-
mediated cell killing is an attractive concept, and this approach has proven to be 
clinically viable with T-DM1 in HER2+ breast cancer  [  34  ] . However, as discussed 
above, any ADC to other NHL targets could be combined with an anti-CD20 anti-
body with maximal exposure to both therapies and probably little increase in toxic-
ity, thus diminishing the rationale for an anti-CD20 ADC. 

 A promising ADC target for the treatment of B-cell malignancies is the signaling 
component of the B-cell receptor CD79. CD79 is a heterodimer (CD79a/CD79b) 
and, similar to CD20 and CD22, it is expressed only on pre-B-cells, mature B cells, 
and the majority of NHLs and CLLs from both treated and untreated patients. 
Additionally, most likely due to its function in class II antigen presentation, antibod-
ies that bind CD79 rapidly internalize to the lysosomal compartment. ADCs target-
ing CD79b were shown to be very ef fi cacious in preclinical models with both 
cleavable (SPP-DM1 and MC-vc-PAB-MMAE) and uncleavable linkers  [  35–  37  ]  
presumably due to exploitation of this unique and ef fi cient intercellular traf fi cking 
mechanism. The safety of targeting CD79b was tested preclinically with a surrogate 
antibody recognizing the cynomolgus monkey CD79b protein with binding 
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 properties similar to that of an antibody recognizing the human CD79b that had 
preclinical ef fi cacy as an ADC. Both the ADC and unconjugated antibody were 
shown to be well tolerated in cynomolgus monkeys  [  35  ] . Based on preclinical data, 
CD79b has the potential of being a highly effective ADC target, and drug conju-
gates targeting this receptor could have signi fi cant clinical potential.  

   Conclusions 

 The rich pipeline of ADCs in the clinic and in preclinical development has great 
potential to change the way B-cell malignancies are treated and to improve patient 
outcome for these unmet medical needs. It also presents an opportunity to better 
understand the key parameters that make for a safe and effective ADC. Appropriate 
analysis of the tumors in the clinical trials could help us understand what makes a 
tumor sensitive or resistant to the ADC. In the three cases where the in vitro sensi-
tivity of NHL cells lines to the ADC was compared to the sensitivity to free drug 
and the levels of surface receptor, little correlation of ADC sensitivity and surface 
receptor or free drug sensitivity was found  [  5,   26,   36  ] . These data suggest that, 
although sensitivity to the free drug and the surface receptors may play a role in 
tumor response to an ADC, neither one of these factors would be the main driver of 
response. It would be interesting to see if this observation plays out in the clinic. 
There have been three ADCs described that use the MC-vc-PAB-MMAE linker-
drug but have different targets (anti-CD22, anti-CD19 and anti-CD79b  [  26,   36  ] ). 
One (DCDT2980S, anti-CD22-MC-vc-PAB-MMAE) is in clinical testing, if one of 
the other two were tested in the clinic this could allow us to understand how target 
and antibody affect the properties of the ADC. Does the target effect in fl uence which 
indication the ADC is most effective in? How much does the target characteristics 
affect the ef fi cacy of the ADC? Further, there are two ADCs with the same target in 
the clinic, IO and DCDT2980S. Preclinical data suggest that IO is more potent, both 
tolerated and effective at very low doses, compared to DCDT2980S and the drugs 
used have different mechanisms of action. If both are effective this would indicate 
that there are many paths to effective ADC development and that ADCs have great 
potential as a technology to treat B-cell malignancies and cancer cancers in 
general.      
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         Introduction 

 CD19 is a 95 kDa type 1 transmembrane gylcoprotein that is a member of the 
 immunoglobulin superfamily of cell surface proteins  [  1  ] . It contains two extracel-
lular immunoglobulin-like domains and an extensive cytoplasmic domain. Expression 
of CD19 is highly restricted to cells of B-lineage, appearing on the cell surface of 
early B progenitor cells in the bone marrow, and continuing to be expressed during 
all stages of differentiation during of B cell ontogeny, until terminal differentiation 
into the  fi nal plasma cell when expression of CD19 is lost  [  1–  5  ] . 

 On the B cell surface, CD19 associates with CD21, CD81, and CD225 to form 
the B cell co-receptor complex  [  6  ] . The complex assembles with the B cell receptor 
(BCR) to modulate signal transduction triggered by the BCR  [  7,   8  ] . Upon activa-
tion, the cytoplasmic domain of CD19 becomes phosphorylated, which causes 
recruitment of src-family kinases and PI3 kinase to the plasma membrane and acti-
vation of pathways that increase intracellular calcium levels, resulting in a decrease 
in the threshold for antigen receptor signaling  [  9  ] . Mutations in CD19 are associated 
clinically with antibody-de fi ciency syndromes  [  10  ] , while CD19-de fi cient mice 
have signi fi cantly reduced germinal center formation  [  4  ] . These observations attest 
to the critical role of CD19 in regulation of B cell development, activation, and dif-
ferentiation  [  2,   5,   9  ] . 
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 CD19 expression is maintained in B-lineage cells that have undergone malignant 
transformation, including all subtypes of B cell lymphoma from indolent pheno-
types such as follicular lymphoma to aggressive phenotypes such as diffuse large 
B cell lymphoma (DLBCL), as well as B cell chronic lymphocytic leukemia and 
non-T acute lymphoblastic leukemia  [  3,   11  ] . Since CD19 is expressed on the earli-
est recognizable B-lineage cells and persists throughout B cell maturation until the 
 fi nal plasma cell, it is an exquisitely selective target that covers a wider range of B 
lymphoid malignancies than CD20, the target for rituximab (Fig.  9.1 ).   

   Anti-CD19 Antibodies as Therapeutics for B Cell Malignancies 

 Many approaches to exploit anti-CD19 monoclonal antibodies to treat B cell malig-
nancies have been explored since the 1980s. However, as yet there is no approved 
anti-CD19 antibody therapeutic. Recent innovations in antibody engineering have 
yielded a number of promising new approaches to enhancing the potency of “naked” 
anti-CD19-targeting antibodies that are undergoing current evaluation in clinical 
trials  [  12–  15  ] . Unlike rituximab, such antibodies display little direct ability to 
induce apoptosis or inhibit B cell proliferation, their antitumor activity being prin-
cipally via mediation of antibody-dependent cellular cytotoxicity (ADCC). 
Antibodies such as MEDI-55 and MOR-208 that are currently undergoing clinical 
testing have been engineered for enhanced ADCC by enhancing the af fi nity of IgG1 
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antibodies for the Fc g RIII, either by glycoengineering approaches  [  13  ]  or by amino 
acid substitution in the Fc domain of the antibodies  [  14  ] . 

 Bispeci fi c antibodies are another approach to antibody engineering that can exploit 
the speci fi city of anti-CD19 antibodies for cancer treatment. By coupling an anti-
CD19 binding domain of an antibody to an antibody-binding domain selective for a 
target on a T cell or an NK cell, one can attract cytotoxic immune effector cells to 
bind to and kill malignant B cells  [  16,   17  ] . The most advanced of these compounds, 
blinatumomab, is a bi-speci fi c molecule with an anti-CD19 single chain variable 
antibody domain (scFv) fused to an anti-CD3 scFv which targets T cells to CD19-
positive cells; it has shown activity in early clinical trials  [  16,   18  ] .  

   Development of Anti-CD19 Immunoconjugates 

 Another approach to enhancing the potency of anti-CD19 antibodies for treatment 
of B cell malignancies is by conjugation of such antibodies to a cytotoxic moiety for 
antibody-directed delivery to CD19-expressing cancer cells. Early efforts to exploit 
the speci fi city of antibodies to CD19 for therapeutic intervention in B cell malig-
nancies via conjugation to a cytotoxic moiety focused on delivery of potent protein 
toxins  [  19–  22  ] . Such antibody–protein toxin conjugates, or immunotoxins, gener-
ated from murine monoclonal anti-CD19 antibodies, were developed with different 
highly potent plant-derived protein toxins including ricin, in the form of ricin 
A chain or blocked ricin  [  19–  21,   23,   24  ] , and single chain ribosome-inactivating 
proteins such as gelonin  [  25  ] , pokeweed activated protein  [  22  ] , and saporin  [  26  ] . 
The anti-CD19 immunotoxin that received the most extensive evaluation in clinical 
testing was a blocked ricin conjugate, anti-B4-bR  [  20,   27–  36  ] . Early phase I clinical 
trials showed one complete remission, two partial remissions, and several transient 
biological responses  [  20  ] . However subsequent phase I and phase II trials showed 
no obvious activity  [  27–  34  ] , and a phase III trial in the setting of minimal residual 
disease post-autologous bone marrow transplant (BMT) failed to support a role for 
anti-B4-bR as consolidation therapy after BMT  [  35  ] . Among the factors that may 
have limited ef fi cacy was that the majority of patients developed anti-mouse Ig and 
anti-ricin antibodies that precluded treatment beyond two 7-day cycles of treatment, 
despite the fact that these patients were signi fi cantly immunocompromised from 
their B cell disease and prior therapies  [  29,   35  ] . 

 Early attempts at developing ADCs by conjugating small molecular weight pay-
loads to murine monoclonal anti-CD19 antibodies utilized cytotoxic effector mole-
cules such as idarubicin  [  37  ]  and the tyrosine kinase inhibitor, genistein  [  38  ] . However, 
the clinical effectiveness of such compounds was limited by development of human 
anti-mouse Ig antibodies  [  39  ]  and by the relatively poor potency of the payloads  [  40, 
  41  ] . From the early work with immunotoxins and immunoconjugates, it became 
apparent that successful development of ADCs would require non-immunogenic anti-
bodies to allow multiple dosing, as well as payloads of greater cytotoxic potency 
 [  40–  42  ] . These innovations led to the development of an anti-CD19 ADC which 
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 utilized a potent maytansinoid payload and a humanized antibody. This compound, 
SAR3419, overcomes many of the limitations of the earlier CD19-targeting immuno-
toxins and immunoconjugates. The structure, mechanism of action, as well as 
preclinical evaluation and early clinical development are the focus of this chapter.  

   SAR3419: Structure and Mechanism of Action 

 SAR3419 is composed of a humanized monoclonal IgG1 antibody (huB4) attached 
to the highly potent cytotoxic agent, the maytansinoid  N 2 ¢ -deacetyl- N 2 ¢ -(4-
mercapto-4-methyl-1-oxopentyl)maytansine, also known as DM4  [  42–  44  ] , through 
reaction with the disul fi de-containing linker,  N -succinimidyl-4-(2-pyridyldithio)
butyrate (SPDB). Figure  9.2  shows a schematic representation of the structure of 
SAR3419 and also shows the chemical structure of its DM4-linker moiety.  

   The Anti-CD19 Antibody Component of SAR3419 

 The murine monoclonal antibody, anti-B4, from which huB4 is derived was devel-
oped at the Dana-Farber Cancer Institute (Boston, MA) by Nadler and colleagues 
using human chronic lymphocytic leukemia cells as the immunogen  [  45  ] . The anti-B4 

  Fig. 9.2    Structure of SAR3419. A model of an IgG1 antibody conjugated to four molecules of 
maytansinoid ( salmon-colored  space- fi lling structures) to illustrate the general structure of an 
antibody–maytansinoid conjugate. Residues of the complementarity-determining region of the 
heavy chain and light chain of the antibody model are colored  orange  and  yellow , respectively. The 
chemical structure of DM4 linked via the SPDB linker to an amino group of a lysine amino acid 
residue is shown. SAR3419 contains an average of 3.5 molecules of DM4 per molecule of anti-
body, with a binomial distribution of DM4 loading, as shown for other maytansinoid ADCs  [  65  ]        
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antibody binds speci fi cally to CD19 with high af fi nity, with an apparent dissociation 
constant of about 2 to 3 × 10 -10  M measured under nonequilibrium conditions, while 
that measured under conditions where full equilibrium was reached resulted in an 
estimated value of 8 × 10 -12  M  [  46  ] . The murine antibody was humanized by the 
method of immunoglobulin variable domain resurfacing  [  47,   48  ] . The humanized 
antibody, huB4, is indistinguishable from the murine anti-B4 antibody in its binding 
properties measured in a variety of assay formats  [  47,   48  ] .  

   The Cytotoxic “Payload” Component of SAR3419 

 Maytansine, the  fi rst compound of a class of benzoansamacrolide antibiotics called 
maytansinoids  [  43,   49  ] , is a highly cytotoxic natural product that binds to tubulin 
and inhibits microtubule assembly, resulting in arrest of cells at mitosis and, ulti-
mately, in cell death  [  50  ] . Maytansinoids bind to tubulin at a similar site as the  Vinca  
alkaloids, although many maytansinoids are 100–1,000-fold more cytotoxic towards 
cell lines in vitro than vincristine or vinblastine  [  41,   43  ] . Maytansine was exten-
sively tested clinically, and while some responses were documented, development 
was ultimately discontinued for the lack of a therapeutic window  [  51  ] . 

 Although maytansine was not effective in clinical trials, its very high cytotoxic 
potency made it an attractive candidate as a payload for an ADC approach  [  40–  42  ] . 
A series of new maytansinoids bearing a thiol or disul fi de substituent were synthe-
sized and several of these were found to be similar in potency to maytansine itself 
in vitro  [  43  ] , with EC 

50
  values in the picomolar range on many cancer cell lines. The 

hindered thiol-containing maytansinoid DM4 was selected as the payload compo-
nent for SAR3419 (see Fig.  9.2 ).  

   The Linker Component of SAR3419 and Conjugation 

 The huB4 antibody was modi fi ed by the SPDB linker; the  N -hydroxysuccinimide 
ester group reacts with amino groups of lysine amino acid residues in the antibody 
forming stable amide bonds that introduce pyridyldithio groups into the antibody. 
These provide the sites of attachment for DM4 to the antibody through the linker via 
thiol-disul fi de exchange reactions to form a hindered disul fi de-containing linkage. 
The SPDB linker/DM4 combination was selected to “arm” the huB4 antibody to 
create SAR3419 based on its superior activity as assessed in vivo compared with a 
number of other combinations of linker and maytansinoid in studies analogous to 
those described by Kellogg and colleagues  [  42,   52  ] . The linker reaction is con-
trolled so that SAR3419 contains an average of about 3.5 maytansinoid molecules 
per antibody molecule. The overall molecular weight of SAR3419 is about 150,000; 
its DM4 content is about 1.8% by weight.  
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   Mechanism of Action of SAR3419 

 SAR3419 displays potent in vitro cytotoxicity towards CD19-positive lymphoma 
cell lines, with EC 

50
  values in the nanomolar to subnanomolar range  [  44,   53  ] . 

Within 24 h of exposure of cells to SAR3419, the majority of cells were arrested 
at the G2/M phase of the cell cycle, followed by increased apoptotic cell death 
from 24 to 48 h  [  44  ] , as expected upon delivery of a tubulin-acting agent into cells. 
Experiments with SAR3419 in which the DM4 moiety was radiolabeled  [  54,   55  ] , 
provided further insight into the mechanism of action. The conjugate binds to 
CD19 on the cell surface, is internalized, presumably via endocytosis and is routed 
into the lysosomal degradation pathway where the huB4 antibody moiety is com-
pletely degraded to its constituent amino acids, thus yielding lysine–SPDB–DM4 
as the initial maytansinoid metabolite within cells  [  55  ] . Over several hours, likely 
in the reducing environment of the cytoplasm of the cell, the disul fi de in the 
lysine–SPDB–DM4 metabolite is subject to further cleavage by thiol-disul fi de 
exchange reactions to release the free thiol, DM4. Erickson and colleagues 
have shown that intracellular DM4 is readily methylated in cancer cells by an 
endogenous  S -methyl-transferase to form  S -methyl-DM4  [  54  ] . This  fi nal metabo-
lite of SAR3419 processing in CD19-positive cells has potency similar to that of 
maytansine itself when evaluated for cytotoxic potency in vitro on different tumor 
cell lines  [  43,   56,   57  ] . 

 The huB4 component of SAR3419 induces ADCC, an activity that was con-
served following conjugation to DM4  [  44  ] . Neither the naked antibody, nor its con-
jugate, shows any complement-dependent cytotoxicity  [  44  ] . The “naked” huB4 
antibody has not been shown to exhibit any direct antiproliferative or pro-apoptotic 
activity on cell lines in vitro prior to its conjugation with maytansinoids  [  44,   53  ] .   

   Activity of SAR3419 in Preclinical Models 

 SAR3419 has shown ef fi cacy in several different models of lymphoma, including 
Burkitt’s lymphoma (Namalwa, Ramos, and Raji cell lines) and DLBCL (RL, WSU-
DLCL2, and WSU-FSCCL models) implanted into SCID mice as either subcutane-
ous or intravenous (systemic) models  [  53,   58  ] . The high level of activity in preclinical 
models is exempli fi ed in Fig.  9.3 , which shows a dose–response study of the antitu-
mor activity of SAR3419 in the Ramos subcutaneous lymphoma xenograft model. 
A  single  dose of 7 mg/kg (antibody dose) of the conjugate produced complete 
regressions in 100% of the mice, while at higher doses the majority (at 13 mg/kg) 
or all (at 27 mg/kg) of mice remained tumor free for at least 100 days postinocula-
tion. All doses were well tolerated as evidenced by no loss in body weight. A non-
binding control conjugate showed no activity up to 13 mg/kg and only minimal 
activity at the highest dose tested. In several models, it was established that uncon-
jugated DM4, at doses equivalent to the doses of SAR3419 that result in complete 
regressions, showed no signi fi cant antitumor activity, indicating that conjugation of 
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DM4 to the anti-CD19 antibody was critical for delivery of suf fi cient maytansinoid 
to the tumor in vivo to induce tumor shrinkage  [  44,   53,   58  ] . Large doses, 30–50 mg/
kg, of the “naked” huB4 antibody were completely inactive  [  44,   53  ] . The antitumor 
activity of a 10 mg/kg dose of SAR3419 can be completely blocked by coadminis-
tration with an excess (50 mg/kg) of “naked” huB4 antibody, demonstrating that the 
antitumor activity of in vivo is mediated by its binding to CD19 on the tumor cell 
surface  [  44,   58  ] . The preclinical results provide a strong rationale for the develop-
ment of SAR3419 for clinical use, the activity of the immunoconjugate comparing 
very favorably with rituximab or with standard chemotherapeutic treatments in a 
variety of xenograft models  [  44,   53,   58  ] .   

   Early Clinical Development of SAR3419 

 SAR3419 has been evaluated clinically in two phase I dose escalation studies 
exploring two different schedules of administration, every 3 weeks  [  59,   60  ]  and 
weekly  [  61  ] , in patients with refractory/relapsed B cell non-Hodgkin’s lymphoma 
expressing CD19. 

 The trial of administration of SAR3419 once every 3 weeks for up to six cycles 
showed that the maximum tolerated dose (MTD) was 160 mg/m 2  (~4.3 mg/kg), a 
dose-level subsequently used to treat an expanded cohort of 16 patients  [  44,   59,   60  ] . 
Of the 35 response-evaluable patients who completed at least two cycles of treatment,  
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  Fig. 9.3    Speci fi city of dose-dependent activity of SAR3419 against established CD19-positive 
Ramos tumor xenografts in SCID mice. SCID mice were inoculated subcutaneously with Ramos 
B lymphoma cells. Groups of mice (6 per group) were treated with a  single  intravenous injection 
of either SAR3419 ( left panel ) or a nonbinding control conjugate (huIgG-DM4) ( right panel ), at 
the doses indicated (given as mg of antibody in the conjugate), when the xenografts were approxi-
mately 100 mm 3  in size. One group received vehicle ( PBS ) which is plotted in both graphs of mean 
tumor volume of each group versus day postinoculation       
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tumor shrinkage was reported in twenty-six patients (74%), with six objective 
responses including complete responses (CR)  [  59,   60  ] . Notably, seven of 15 patients 
with rituximab-refractory disease showed tumor shrinkage, with one objective 
response. Tumor shrinkage was seen in a variety of lymphoma subtypes including 
follicular lymphoma and marginal zone lymphoma  [  44,   60  ] . The dose-limiting tox-
icity (DLT) at doses >200 mg/m 2  was reversible ocular toxicity that did not preclude 
continued dosing at 208 mg/m 2  with dose delays of 1–2 weeks, with no other clini-
cally signi fi cant grade 3 or 4 toxicities reported  [  59,   60  ] . The reversible ocular tox-
icity, typically in the second cycle or beyond, was blurred vision associated with 
observed microcystic corneal deposits, very similar in nature to the reported revers-
ible DLTs observed for the phase I studies with albumin-bound paclitaxel that were 
found to be manageable at the dosing regimen used for its phase III trial  [  62,   63  ] . 
As with other antibody–maytansinoid conjugates, there was no clinically signi fi cant 
myelosuppression (38 patients evaluable for safety), suggesting that SAR3419 may 
be readily combined with conventional chemotherapy regimens  [  42,   44,   59  ] . The 
half-life of SAR3419 in these patients was estimated to be about 1 week with dose-
proportional pharmacokinetics and low clearance of about 0.5 L/d/m 2   [  44,   59,   60  ] , 
giving SAR3419 the greatest reported exposure at MTD of any ADC yet reported. 
These early results from a phase I trial demonstrated promising activity and tolera-
bility, especially considering the wide dose range (10–270 mg/m 2 ), the heavy pre-
treatment of these patients (28% had prior stem cell transplant), and the mixed 
histology of those enrolled  [  59,   60  ] . 

 A second study with a schedule of weekly dosing for 8 weeks, with the possibil-
ity of a further 4 weeks if warranted for clinical bene fi t, established an MTD of 
55 mg/m 2  (about 1.5 mg/kg/week)  [  61  ] . The dose intensity reached was similar to 
that of the 3-week dosing schedule. Pharmacokinetic analysis showed a half-life of 
8–9 days, with accumulation noted until a steady state  C  

max
  was reached after about 

4 cycles  [  61  ] . A total of 21 patients received the 55 mg/m 2  dose, from a total of 44 
patients treated at doses ranging from 10 to 70 mg/m 2  per week. Of 40 patients 
receiving doses of  ³ 14 mg/m 2  per week, 12 (30%) achieved an objective response 
including 6 with CR/CRu  [  44,   61  ] . The response rate at the MTD was 33% (7/21), 
with responses seen in both follicular lymphoma and DLBCL  [  61  ] . SAR3419 was 
well tolerated on this dosing schedule, with a median number of doses delivered per 
patient of eight overall, and a median relative dose intensity of 0.96 at the MTD, 
with investigators commenting on the noteworthy lack of clinically signi fi cant 
myelosuppression  [  61  ] . While reversible ocular toxicity was reported on this dosing 
regimen, it was with a late onset (mainly post cycle 7 or 8) and the incidence and 
severity of the observations was markedly reduced relative to the 3-week schedule 
 [  44,   61  ] . A modi fi ed schedule consisting of four weekly doses of 55 mg/m 2  followed 
by four biweekly doses, based on pharmacokinetic simulations and pharmacody-
namic observations, was ongoing at the time of data cutoff, to evaluate an approach 
to reduce even further the incidence of this toxicity  [  44,   61  ] . While these results are 
not yet reported, the sponsor has initiated three phase II trials in the latter half of 
2011, evaluating SAR3419 as a single agent in DLBCL and in ALL, as well as in 
combination with rituximab in DLBCL (  http://www.clinicaltrials.gov    ).  

http://www.clinicaltrials.gov
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   Summary 

 For nearly 15 years, rituximab has had a profound positive impact in treatment of 
non-Hodgkin’s lymphoma. However, a signi fi cant number of patients ultimately 
relapse, and, in the effort to improve therapy, several strategies are being explored 
in clinical and discovery research for targeting B cell lymphomas using monoclonal 
antibodies directed to B cell antigens. CD19 is the target that was exploited in devel-
oping SAR3419, an ADC designed to deliver the potent tubulin poison, the may-
tansinoid DM4, to malignant B cells. The highly restricted expression of CD19 for 
B cells has the potential to allow effective treatment of B cell malignancies with 
SAR3419, without toxicity to other hematologic non-B cell compartments. 

 The preliminary clinical activity shown by SAR3419 in two phase I clinical trials 
is encouraging for its future development  [  44,   59–  61  ] . In a heavily pretreated phase 
I patient population, there were objective responses seen in both follicular lymphoma 
and DLBCL, including complete responses. There was a low incidence of clinically 
signi fi cant hematological toxicity, and the reversible ocular toxicity that de fi ned the 
DLT on the 3-week schedule appeared to be manageable on an alternative dosing 
regimen. The potential of SAR3419 is now being evaluated in a multi-trial phase II 
program which started in the second half of 2011. It will include a robust assessment 
of activity in patients with relapsed DLBCL, a patient population where responses 
were seen in the phase I trials and where there is a clear unmet medical need.      
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         Introduction 

 Although the prognosis of patients with Hodgkin’s lymphoma (HL) and anaplastic 
large cell lymphoma (ALCL) has improved over the past decade, there are still sub-
populations of these patients with a poor prognosis including HL patients with che-
motherapy-refractory disease, HL patients who fail or relapse with high-dose 
chemotherapy with autologous stem cell rescue and who have less than a 50% over-
all survival at 10 years  [  1  ] , HL patients who receive alternate salvage chemotherapy 
 [  2–  5  ] , and elderly patients with HL who often cannot tolerate aggressive combination 
therapy. Similarly, patients with relapsed or refractory systemic ALCL (approxi-
mately 40–65% of adult patients) have few effective salvage therapies  [  6,   7  ] . Thus, 
there is an unmet medical need for these patients, and the effort is ongoing to 
develop novel therapeutic strategies. 

 Unlabeled monoclonal antibodies are the most widely used type of targeted bio-
logical therapy as evidenced by the number of such drugs approved for oncologic 
indications since 1995  [  8  ] . These antibodies are effective against tumor cells through 
induction of apoptosis, antibody-dependent cellular cytotoxicity, and/or comple-
ment-dependent cytotoxicity. However, these antibody therapeutics are seldom 
curative, encouraging numerous approaches to enhance ef fi cacy  [  9–  11  ] . One of the 
strategies to enhance the antitumor activity of monoclonal antibodies is the use of 
antibody–drug conjugates or ADCs  [  12,   13  ] . HL and ALCL express cell membrane 
CD30 as a potential antibody target. 
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 ADCs comprise a human or “humanized” monoclonal antibody conjugated to 
a cytotoxic drug via a chemical linker  [  14  ] . The therapeutic concept of ADCs is to 
use the antibody as a vehicle to deliver a cytotoxic drug or toxin directly to a 
tumor cell by means of binding to a target cell surface antigen. ADCs are “prod-
rugs” requiring intracellular drug release for activation. They have signi fi cant 
potential for enhancing the antitumor activity of antibodies especially in patients 
with malignant cells resistant to apoptosis induction and/or patients who lack an 
adequate immune system; in addition, ADCs have the potential of reducing the 
systemic toxicity of the conjugated drugs. The clinical potential of ADCs has been 
greatly enhanced by improved choices of targets, more potent drugs in conjunc-
tion with linkers of improved stability, and greatly expanded knowledge of ADC 
tumor cell biology and pharmacology  [  15–  18  ] . This review will summarize data 
on brentuximab vedotin (SGN-35), an anti-CD30 ADC for the treatment of HL 
and ALCL.  

   CD30 Antigen 

 CD30, also known as TNFRSF8, is a member of the TNF-receptor (TNF-R) 
superfamily of proteins that was originally identi fi ed as a surface marker for the 
malignant Reed–Sternberg cells of Hodgkin disease  [  19  ] . It is a transmembrane 
glycoprotein receptor of 120 kDa and is normally found on the surface of mito-
gen-activated, but not resting, T and B cells, and decidual cells  [  20–  22  ] . In addi-
tion, CD30 has also been detected on a variety of cell types of hematopoietic 
origin. The CD30 antigen has a very low expression on normal cells but is found 
on the Reed–Sternberg (RS) cell of HL, on tumor cells of ALCL, and some T cell 
lymphoproliferative disorders. It is also expressed in embryonal carcinoma but 
not in seminoma. 

 While the function of CD30 has not been clearly de fi ned, CD30 has been impli-
cated in both cell death and proliferation  [  23,   24  ] . Two studies have shown that 
monoclonal antibodies directed against CD30 were able to inhibit the growth of 
HL cells in severe combined immunode fi ciency mice in the absence of immune 
effector cells, suggesting a direct effect of CD30 on tumor cells (apoptosis-inducing 
characteristics)  [  24,   25  ] . Structurally, CD30 does not possess the death domains 
found in CD95/Fas and TNF receptor 1; the CD30 cytoplasmic tail, however, 
binds to TNFR-associated factor (TRAF) family members; CD30 has been shown 
to activate nuclear factor  k B (NF- k B), extracellular-regulated kinase (ERK), Jun 
N-terminal kinase (JNK), and p38  [  26–  28  ] . The utility of CD30 as a diagnostic 
marker for HL and ALCL, its limited expression pro fi le, and its apoptosis- 
inducing characteristics have led to the investigation of this antigen as a target for 
monoclonal antibody therapy in patients with CD30-positive hematological 
malignancies.  
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   Brentuximab Vedotin (SGN-35) 

 Brentuximab vedotin is an antibody–drug conjugate consisting of the chimeric 
monoclonal antibody cAC10 and the small molecule anti-tubulin agent monom-
ethylauristatin E (MMAE). 

 cAC10, also known as SGN30, is an antagonist chimeric monoclonal antibody 
constructed from the variable region of the anti-CD30 murine antibody AC10 and 
the human gamma 1 heavy chain and kappa light chain constant regions  [  24  ] . SGN-
30 has speci fi city for CD30 that is unique from other anti-CD30 antibodies with 
antitumor activity in both HL and ALCL cell lines in disseminated and localized 
xenograft models  [  24  ] . It has shown cytotoxic synergism with different chemother-
apy agents in vitro including bleomycin, etoposide, and cytarabine  [  29  ] . MMAE is 
a small synthetic analog of the natural product dolastatin 10, binds to tubulin, and 
inhibits tubulin polymerization. It appears to have little or no immunogenicity. 
Brentuximab vedotin is produced by the conjugation of MMAE to cAC10. The 
points of attachment are cysteines produced by mild reduction of the interchain 
disul fi des of the antibody, and the linker consists of a thiol-reactive maleimide, a 
caproyl spacer, the dipeptide valine–citrulline, and  p -aminobenzyloxycarbonyl, a 
self-immolative fragmenting group (Fig.  10.1 ). The overall average drug-to-antibody 
mole ratio (MR) is approximately 4. The calculated molecular mass (monoisotopic) 
for the nominal form of brentuximab vedotin is approximately 153 kDa.  

 Brentuximab vedotin is proposed to have a multistep mechanism of action that is 
initiated by binding to the cell surface marker CD30 followed by internalization and 
traf fi cking to lysosomes where MMAE is released through proteolytic degradation 
of the drug linker (Fig.  10.2 )  [  30  ] . Binding of released MMAE to tubulin disrupts the 
microtubule network, leading to G2/M phase cell cycle arrest and apoptosis  [  31  ] .   

   Preclinical Studies of Brentuximab vedotin (SGN-35) 

 The ability of brentuximab vedotin to selectively kill CD30-positive cell lines was 
assessed with human CD30-positive Karpas 299 (anaplastic large cell lymphoma) 
and L540cy (Hodgkin’s lymphoma) cell lines and the CD30-negative WSU-NHL 
cell line. Brentuximab vedotin was cytotoxic to CD30-positive lines (IC 

50
 s of 0.031 

and 0.089 nM), but was not effective against the CD30-negative cell line (IC 
50

  
>6.75 nM). All three cell lines were similarly sensitive to MMAE, suggesting that 
the lack of sensitivity by WSU-NHL is not attributable to drug resistance. 

 The in vivo ef fi cacy of brentuximab vedotin was examined in CD30-positive 
xenograft models; Karpas 299  [  32,   33  ]  and L540cy  [  34  ]  cells were implanted either 
subcutaneously to model solid tumors or intravenously to model disseminated dis-
ease. In the subcutaneous model a dose-dependent delay in tumor growth was 
observed in the brentuximab vedotin treated groups. When administered separately 
or together, cAC10 or MMAE did not show tumor growth inhibition compared with 
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  Fig. 10.2    Brentuximab vedotin mechanism of action. The cytotoxin MMAE is released from the 
antibody–drug conjugate intracellularly via lysosomal protease cleavage at the valine–citrulline 
dipeptide. Image provided by Seattle Genetics       

  Fig. 10.1    Structure of brentuximab vedotin. Brentuximab vedotin consists of the chimeric mAb 
cAC10, a linker (consists of a thiol-reactive maleimide, a caproyl spacer, the dipeptide valine–
citrulline, and  p -aminobenzyloxycarbonyl) and the small molecule anti-tubulin agent monomethy-
lauristatin E. Image provided by Seattle Genetics       
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the untreated mice. This demonstrates that the ADC is more active than an admixture 
of the antibody and drug. In the disseminated models  [  33  ] , a dose-dependent 
improvement of survival was observed in mice treated with brentuximab vedotin. 
A dose equivalent mixture of cAC10 and MMAE was much less effective than 
brentuximab vedotin. 

 The ef fi cacy of combination therapy with brentuximab vedotin and chemother-
apy has been studied in a subcutaneous SCID mouse model with the L540cy HL cell 
line. As seen in Fig.  10.3a , the combination of brentuximab vedotin and ABVD 
produced 9/9 durable complete regressions, while individually, the tumor regres-
sions were signi fi cant but not durable. Even larger tumors (300 mm 3 ) responded 
well to the combination therapy (Fig.  10.3b ) including 5/10 animals with durable 
complete regressions. Similar studies with the combination of brentuximab vedotin 
and gemcitabine (Fig.  10.3c, d ) demonstrated a similar pattern of superior ef fi cacy 
of the combination as compared to either single agent regimen particularly in large 
tumor size model (Fig.  10.3d ).  

  Fig. 10.3    In vivo activity of brentuximab vedotin in combination with chemotherapy agents. 
SCID mice were implanted with L540cy HL cells in the right  fl ank. Groups of mice (5–10/group) 
were untreated or received brentuximab vedotin (SGN-35), gemcitabine, or brentuximab vedo-
tin + gemcitabine (IP) when tumor size averaged approximately 100 mm3 (  panel   c ) or 300 mm3 
(  panel   d ). The dosing schedule (q4dx3) is indicated by  arrows .  Bars  represent standard deviation. 
SCID mice were implanted with L540cy HL cells in the right  fl ank. Groups of mice (5–10/group) 
were untreated or received brentuximab vedotin (SGN-35) (1 mg/kg, q4dx3, i.p.) and/or ABVD: 
(adriamycin (0.75 mg/kg, q4dx3, i.v.), bleomycin (6  m g/kg, q4dx3, i.p.), vinblastine (0.01 mg/kg, 
q4dx3, i.p.), and dacarbazine (15 mg/kg, q3dx4, i.p.)) when tumor sized averaged approximately 
100 mm 3  (  panel   a ) or 300 mm 3  (  panel   b ). The start of the dosing schedule is indicated by  arrows . 
 Bars  represent standard deviation. Figure    provided by Seattle Genetics       
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 The toxicity pro fi le of brentuximab vedotin has been assessed in rats and 
monkeys. In both species, the dose-limiting toxicity was characterized by hypocel-
lularity of the bone marrow and lymphoid depletion of the thymus. Histopathologic 
lesions were also observed in the spleen in monkeys and in the liver and testes in 
rats. In addition, decreases in peripheral blood counts were observed in both spe-
cies, and elevations in liver enzymes were seen in rats only. The most signi fi cant 
toxicity was neutropenia, which in monkeys resulted in secondary bacterial infec-
tions leading to early deaths at the 6 mg/kg dose. Toxicity was dose-dependent, with 
a no-observable-adverse-effect level of 0.5 mg/kg in rats and 1 mg/kg in monkeys. 
Reversibility of toxicity was demonstrated for all of the  fi ndings (SGN-35 
Investigator’s Brochure).  

   Phase I Studies with Brentuximab Vedotin (SGN-35) 

 The  fi rst phase 1 study using brentuximab vedotin was an open-label, multicenter, 
dose-escalation trial at a dose range of 0.1–3.6 mg/kg every 3 weeks to 45 patients 
with relapsed or refractory CD30-positive hematologic malignancies  [  35  ] . Forty-
two patients with Hodgkin’s lymphoma, 2 patients with systemic anaplastic lym-
phoma, and 1 patient with CD30 angioimmunoblastic T cell lymphoma were 
enrolled. Patients had relapsed or refractory disease to multiple systemic therapies 
with a median of three previous chemotherapy regimens (range, 1–7) and 33 patients 
(73%) had failed high-dose chemotherapy with autologous stem cell rescue previ-
ously. The maximal tolerated dose was exceeded at 3.6 mg/kg and the dose selected 
for further studies was 1.8 mg/kg every 3 weeks since it was better tolerated than an 
intermediate dose of 2.7 mg/kg  [  35  ] . 

 The majority of the adverse events observed with brentuximab vedotin were 
grade 1 or 2, including fatigue, pyrexia, diarrhea, nausea, neutropenia, and periph-
eral neuropathy. Peripheral neuropathy was reported in 16 patients, was typically 
sensory (grade 1 or 2), and the median time to onset was 9 weeks (range, 3–24). 
Peripheral neuropathy was generally reversible, although three patients discontin-
ued treatment due to this side effect. Only one patient had a grade 3 peripheral 
neuropathy (2.7 mg/kg cohort) which returned to grade 1 within 4 months. Nine out 
of the 27 serious adverse events reported in the study were considered by the inves-
tigators to be related with brentuximab vedotin and those events occurred in  fi ve 
patients. The only laboratory abnormality seen in more than ten patients was grade 
3 lymphopenia. Only two patients developed antibodies against brentuximab vedo-
tin: one in the 0.1 mg/kg dose cohort and one in the 1.2 mg/kg dose cohort; both 
were low titer and both patients had stable disease  [  35  ] . Thus, brentuximab vedotin 
was shown to be well tolerated. 

 Although not the primary objective of the study, 17/42 patients enrolled had objec-
tive responses, 11 complete remissions, and 6 partial responses (Table  10.1 ). Nine of 
11 complete responders had previously failed high-dose chemotherapy with stem 
cell rescue. Ten of 11 complete responders were among the 24 patients treated at 
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1.8 mg/kg or 2.7 mg/kg doses. The median duration of response for the 17 patients 
with an objective response was 17.3 months. As can be seen in the waterfall diagram 
(Fig.  10.4 ), tumor regressions were observed in 36 of the 42 evaluated patients  [  35  ] . 
This represented a remarkable degree of antitumor ef fi cacy for a phase I clinical trial.   

 The second phase 1 study using brentuximab vedotin on a weekly schedule was 
an open-label, multicenter, dose-escalation trial using doses of 0.4–1.4 mg/kg (3 
weeks on and 1 week off) in 44 patients with relapsed or refractory CD30-positive 
hematologic malignancies  [  36  ] . Thirty-eight patients had Hodgkin lymphoma,  fi ve 
patients had systemic anaplastic large cell lymphoma, and one patient had periph-
eral T cell lymphoma. As in the every 3-week phase I trial, all patients were heavily 
pretreated with a median of 3 prior to chemotherapy regimens (range 1–8); 62% had 
previously failed high-dose chemotherapy with stem cell rescue; 45% had been 
resistant to their prior treatment regimen. 

 Dose-limiting toxicities included grade 3 diarrhea, grade 3 vomiting, and grade 
4 hyperglycemia. The maximum tolerated dose was exceeded at 1.4 mg/kg; at this 
level, 2 of the 6 patients enrolled experienced dose-limiting toxicities (hyperglyce-
mia and diarrhea). Subsequently, the 1.0 mg/kg and 1.2 mg/kg cohorts were both 
expanded to include 12 patients each. At the 1.2 mg/kg dose cohort no dose-limiting 
toxicities were seen; thus, this dose was considered the highest dose that did not 
cause unacceptable adverse effects  [  36  ] . 

 The most common treatment-related adverse events were peripheral neuropathy, 
nausea, fatigue, diarrhea, and neutropenia; most were grade 1 or 2 in severity. 

  Fig. 10.4    Brentuximab vedotin Phase I trial maximum reduction in target lesion size. Change in 
target lesion data are presented for 42 patients enrolled in the 8 different dose cohorts of the Phase 
I trial evaluating the administration of brentuximab vedotin intravenously every 3 weeks. Figure 
provided by Seattle Genetics       
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   Table 10.2    Brentuximab vedotin phase I trial—weekly schedule best clinical responses   

 Response 

 Dose (mg/kg) 

 0.4 ( N  = 4)  0.6 ( N  = 4)  0.8 ( N  = 6)  1.0 ( N  = 11)  1.2 ( N  = 9)  1.4 ( N  = 5) 

 Complete 
remission 

 0  0  4  5  2  2 

 Partial 
remission 

 0  2  0  3  2  2 

 Stable 
disease 

 4  1  1  2  4  1 

 Progressive 
disease 

 0  1  1  1  1  0 

Twenty four of the 44 patients enrolled had some degree of peripheral neuropathy 
(generally sensory) which was observed more frequently with this schedule compared 
with the every 3-week schedule. The laboratory abnormalities seen in more than 8 
patients were grade 3 lymphopenia and grade 2 hypophosphatemia  [  36  ] . 

 Twenty two of 39 evaluable patients had objective responses (56%) including 13 
(33%) with complete remissions (Table  10.2 ). The median duration of response at 
the time of the poster presentation in December 2009 was at least 16 weeks (range, 
0.1+ to 34+). As can be seen in the waterfall diagram (Fig.  10.5 ), tumor regressions 
were observed in 84% of the patients  [  36  ] . Thus, weekly brentuximab vedotin 
showed antitumor activity against CD30-positive malignancies similar to the every 
3-week regimen with an increase in toxicity.   

  Fig. 10.5    Brentuximab vedotin phase I trial maximum reduction in target lesion size. Change in 
target lesion data are presented for 37 patients enrolled in the 6 different dose cohorts of the phase 
I trial evaluating the administration of brentuximab vedotin intravenously weekly. Image provided 
by Seattle Genetics       
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 In both phase I studies, retreatment with brentuximab vedotin was allowed if 
patients had stable disease (with reduced tumor volume) or better to initial treat-
ment. They received doses of 1 mg/kg weekly or 1.8 mg/kg every 3 weeks, depend-
ing on which study they participated  [  37  ] . A total of 8 patients received 11 retreatment 
experiences and included 7 patients with HL and 7/8 who had previously failed 
high-dose chemotherapy with stem cell rescue  [  37  ] . Among the retreatment experi-
ences, there were 2 complete remissions, 5 partial remissions, 3 stable diseases, and 
1 progressive disease. The toxicity pro fi le on retreatment was similar to the experi-
ences in the original phase I trials. 

 Pharmacokinetic parameters for individual patients were determined in both 
phase I studies using concentrations of brentuximab vedotin antibody–drug conju-
gate, plasma MMAE, and serum total antibody. 

 In both trials, serum levels were dose proportional. The terminal half-life for the 
ADC was 4–6 days and for MMAE was 3–4 days. Pharmacokinetic parameters for 
the 1.8 mg/kg every 3-week schedule are presented in Table  10.3   [  35  ] .   

   Pivotal Studies of Brentuximab Vedotin 

 In consultation with the FDA, pivotal trials were undertaken in HL and a second one 
in systemic ALCL using the 1.8 mg/kg every 3-week dose and schedule. 

 The primary objective of the study in patients with Hodgkin’s lymphoma was 
overall objective response rate as assessed by an independent review facility accord-
ing to the Revised Response Criteria for Malignant Lymphoma  [  38  ]  in patients with 
relapsed or refractory disease following high-dose chemotherapy with autologous 
stem cell rescue. The safety and pharmacokinetics of brentuximab vedotin, duration 
of response, progression-free survival, and overall survival were also evaluated. An 
Independent Data Monitoring Committee (IDMC) had oversight of the safety of the 
patients on a periodic basis. 

 A total of 102 patients with relapsed or refractory HL were treated at 26 study 
centers inside and outside the United States. Brentuximab vedotin was administered 

   Table 10.3    Cycle I pharmacokinetics for brentuximab vedotin for the 1.8 mg/kg dose level with 
the every 3-week schedule   

 Parameter 
 Brentuximab vedotin 
( N  = 12)  MMAE ( N  = 12) 

 Serum total 
antibody ( N  = 12) 

 AUC0-21 day ( m g/ml)  76.7  36.1  169 
 Cmax ( m g/ml)  32.0  4.97  36.6 
 Tmax (day)  0.089 (0.084–0.254)  2.09 (1.08–3.93  0.132 (0.084–1.10) 
  T  

½
  (day)  4.43  3.60  – 

 Cl (L/day)  1.76  –  – 
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intravenously at 1.8 mg/kg every 3 weeks. The median age of the patients was 31 
years (range 15–77) and approximately half of the patients were female (53%). The 
patients had an Eastern Cooperative Oncology Group (ECOG) performance status 
at baseline of 0 or 1 and were heavily pretreated with a median number of prior 
chemotherapy regimens of 3.5 (range 1–13). More than 70% of the patients had 
primary refractory disease, de fi ned as failure to achieve a complete remission or 
progression within 3 months of completing frontline therapy. In addition, 39% of 
patients were refractory to the most recent salvage therapy excluding high-dose 
chemotherapy with stem cell rescue. The median duration of brentuximab vedotin 
treatment on this study was 27 weeks (range 3–54) and the median number of cycles 
was 9 (range 1–16). 

 By the time of the pivotal trial publication  [  39  ] , the objective response rate was 
72% (34% CR and 38% PR) per investigator assessment. Of the 35 patients who 
had B symptoms at baseline, 29 (83%) experienced resolution of these symptoms. 
The median time to B symptom resolution was 3 weeks (range <1–16 weeks). 
Ninety seven of 102 patients (95%) had tumor size reductions. The median pro-
gression-free survival was 5.6 months and the median duration of response for 
those patients in CR was 20.5 month. 

 The most common treatment-related adverse events (seen in more than 15% of 
the patients) of any grade were peripheral sensory neuropathy (43%), fatigue (40%), 
nausea (35%), neutropenia (19%), diarrhea (18%), pyrexia (16%), and vomiting 
(22%); most events were grade 1 or 2 and reversible. Grade 3 treatment-related 
adverse events reported in more than 1 patient were neutropenia (14%), peripheral 
sensory neuropathy (5%), thrombocytopenia and hyperglycemia (3% each), and 
fatigue (2%). Grade 4 treatment-related events were neutropenia (4%), thrombocy-
topenia, abdominal pain, and pulmonary embolism (1% each). No related grade 5 
events were observed. 18 patients discontinued treatment due to an adverse event. 

 The antitumor activity of brentuximab vedotin in patients with relapsed or refrac-
tory systemic ALCL was also assessed in a second pivotal trial. Brentuximab vedotin 
was administered intravenously at 1.8 mg/kg every 3 weeks. The primary objective 
of the study was overall objective response rate as assessed by an independent review 
facility according to the Revised Response Criteria for Malignant Lymphoma  [  38  ]  in 
patients with relapsed or refractory disease. The safety and pharmacokinetics of 
brentuximab vedotin, duration of response, progression-free survival, and overall 
survival were also evaluated. An Independent Data Monitoring Committee (IDMC) 
had oversight of the safety of the patients on a periodic basis. 

 A total of 58 patients with relapsed or refractory anaplastic large cell non-Hodgkin’s 
lymphoma were treated at 25 study centers inside and outside the United States. By the 
time of the pivotal trial publication  [  40  ] , the median age of those patients was 52 years 
(range 14–76) and 25 patients were female. Ninety eight percent of the patients had an 
Eastern Cooperative Oncology Group (ECOG) performance status at baseline of 0 or 
1, and 72% of the patients were ALK-negative. Patients were heavily pretreated with a 
median number of prior chemotherapy regimens of 2 (range 1–6); 26% of the patients 
had previously failed high-dose chemotherapy with stem cell rescue. Sixty-two percent 
of the 58 patients presented had primary refractory disease, de fi ned as failure to achieve 
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a complete remission or progression within 3 months of completing frontline therapy. 
In addition, 50% of patients were refractory to their most recent salvage therapy. 

 The objective response rate for the 58 patients treated was 86% (57% CR and 
29% PR) per investigator assessment. Interestingly, the responses seen in ALK-
positive and negative patients were similar. The median time to objective response 
was 5.9 weeks (range 4.3–14), the duration of objective response was 12.6 months, 
and the median duration of CR was 13.2 months. B symptoms resolved in 9 of the 
10 patients who had these symptoms at baseline. Ninety-seven percent of the 
patients had reductions in tumor size. 

 The most common treatment-related adverse events of any grade (seen in more 
than 10% of the patients) for those 58 patients treated were peripheral sensory neu-
ropathy (41%), nausea (40%), fatigue (38%), pyrexia (34%), diarrhea (29%), neu-
tropenia (21%), dyspnea (17%), and insomnia (16%); most events were grade 1 or 
2 and reversible. Grade 3/4 treatment-related adverse events reported in more than 
1 patient were neutropenia (21%), thrombocytopenia (14%), peripheral sensory 
neuropathy (12%), and diarrhea (3%). No related grade 5 events were observed. 
Seven patients discontinued treatment due to an adverse event.  

   Summary 

 Brentuximab vedotin, an antibody–drug conjugate, represents a unique strategy for 
target-based immunotherapy using a monoclonal antibody to deliver MMAE, an anti-
tubulin agent intracellularly. The striking activity demonstrated in animal models 
with CD30-positive hematological malignancies was also observed in clinical trials 
using brentuximab vedotin in patients with relapsed and/or refractory CD30-positive 
Hodgkin’s lymphoma and anaplastic large cell lymphoma. Brentuximab vedotin has 
been well tolerated at the recommended dose of 1.8 mg/kg every three weeks with 
peripheral neuropathy as the main reversible side effect. The data from the pivotal 
trials were presented to the FDA and brentuximab vedotin was approved in 2011. 
Clinical trials using the combination of brentuximab vedotin and chemotherapy as 
well as trials using maintenance brentuximab vedotin in patients with high risk dis-
ease after high-dose chemotherapy with stem cell rescue have been initiated.      
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         Introduction 

 Overexpression of human epidermal growth factor receptor type 2 (HER2;  neu ; 
ErbB2) is an important histopathologic feature in a variety of human solid tumors. 
HER2 is a member of the type I receptor tyrosine kinase family that also includes 
epidermal growth factor receptor (EGFR, HER1, ErbB1), HER3 (ErbB3), and 
HER4 (ErbB4). HER2 serves as a coreceptor in the dimerization and subsequent 
activation of the other members of the HER receptors, notably HER3, which forms 
the major oncologic unit in a subset of breast cancer. HER2 overexpression occurs 
in 15–20% of all breast cancers and is associated with poor prognosis without treat-
ment  [  1,   2  ] . Biologically, HER2 overexpression has been shown to have important 
functions in malignant transformation and/or progression of tumors and is associ-
ated with decreased response to endocrine therapy. Although HER2 overexpression 
has been most extensively studied in the context of breast cancer, it has also been 
observed in other cancers including gastric, ovarian, and pancreatic cancer  [  3  ] . 

 Given the importance of HER2 overexpression in tumor initiation and progres-
sion and its pattern of overexpression that is restricted predominantly to tumor versus 
normal tissue, HER2 has been intensely investigated as a target for anticancer thera-
pies. The humanized anti-HER2 monoclonal antibody trastuzumab (Herceptin™), 
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in combination with chemotherapy, prolongs survival of patients with 
 HER2-overexpressing (HER2-positive [HER2+]) breast cancer in the metastatic 
(MBC) and adjuvant settings  [  4–  7  ] , which has led to its adoption as a standard of 
care. More recently, trastuzumab in combination with chemotherapy was shown to 
prolong survival in patients with HER2-positive metastatic gastric cancer, which led 
to its approval for this indication as well. 

 In addition to trastuzumab, the oral dual tyrosine kinase inhibitor lapatinib 
(Tykerb™/Tyverb™), which binds to the ATP-binding pocket of the EGFR and 
HER2 kinase domains and prevents activation of the downstream signaling cascade, 
has been approved as single-agent therapy or in combination with capecitabine for 
the treatment of patients with HER2-positive breast cancers previously treated with 
trastuzumab  [  8  ] . Lapatinib was also recently approved in combination with the 
aromatase inhibitor letrozole for postmenopausal hormone receptor-positive, HER2-
positive MBC  [  9  ] . Similar to trastuzumab, lapatinib is being investigated in other 
HER2-positive tumors, including HER2-positive gastric cancer  [  10  ] . Together with 
the clinical experience of trastuzumab, these results demonstrate the importance of 
HER2 as an important target for anticancer therapy. 

 Progression free survival (PFS) following treatment with trastuzumab combined 
with taxane based chemotherapy is only about one year (references 4, 6 from 
chapter), and can be extended to about 18 months with the addition of pertuzumab, 
a novel HER2 targeted antibody approved by the U.S.FDA in June of 2012 as fi rst-
line therapy for HER2 positive advanced breast cancer in combination with trastu-
zumab and docetaxel  [  46  ] . However, despite the gains in clinical bene fi t of 
trastuzumab and lapatinib in the treatment of HER2-positive breast cancer, the 
majority of patients with HER2+ MBC eventually develop progressive disease  [  11  ] . 
Consequently, the development of additional therapeutic options for patients whose 
tumors progress following initial HER2-directed therapy is warranted. This chapter 
will describe the clinical experience to date of the antibody–drug conjugate (ADC) 
trastuzumab emtansine (T-DM1) as a novel therapeutic option in the treatment of 
HER2-positive tumors focusing on the treatment of metastatic breast cancer.  

   Trastuzumab    Emtansine 

   Structure 

 T-DM1 (Fig.  11.1 ) is a novel anti-HER2 ADC in development for the treatment of 
patients with HER2+ breast cancer  [  12  ] . T-DM1 combines the HER2-targeting 
properties of trastuzumab with intracellular delivery of DM1, a highly potent deriv-
ative of the antimicrotubule agent maytansine  [  13–  15  ] . The conjugation of DM1 to 
trastuzumab results in a range of DM1 to antibody ratios with the average being 3.5 
molecules of DM1 conjugated to every one molecule of trastuzumab. DM1 binds to 
tubulin at the same binding site as the vinca alkaloids but inhibits microtubule 
assembly with a potency 20–100 times that of vincristine or vinblastine  [  13  ] . Similar 
to the vinca alkaloids, DM1 causes apoptosis through inhibition of microtubule 



18111 Trastuzumab    Emtansine (T-DM1) for the Treatment...

assembly, which in turn leads to G2-M cell cycle arrest. The parent molecule of 
DM1, maytansine, was studied as a potential chemotherapeutic agent by the National 
Cancer Institute in phase II studies in over 35 tumor types. Of over 800 patients 
treated with single-agent maytansine, objective responses were observed in only 
about 20 patients. Dose-limiting toxicities (DLT) were established in the range of 
1–2 mg/m 2  with toxicities including neurotoxicity, gastrointestinal toxicity, 
 weakness, nausea, vomiting, and diarrhea. Because of the narrow therapeutic 
window afforded by maytansine, its development as a potential agent for clinical 
use was suspended  [  14  ] .  

 There are several features of T-DM1 that make it a suitable candidate to be 
 successful as an ADC. First, trastuzumab and DM1 are covalently linked via a 
non-reducible thioether linker ( N -maleimidomethyl)cyclohexane-1-carboxylate 
(MCC). The stability of MCC, compared with disul fi de linkers, was shown to 
strongly contribute to T-DM1’s favorable activity and toxicity pro fi les in preclini-
cal testing  [  16,   17  ]  and in clinical studies resulted in systemic levels of DM1 that 
were more than 50-fold lower by molar equivalents (see below). Thus, despite the 
narrow therapeutic window previously established by maytansine, when DM1 is 
administered as a component of an ADC, its exposure to HER2+ tumors is maxi-
mized while exposure of normal tissue is minimized, resulting in expansion of the 
therapeutic window. Second, T-DM1 appears to retain trastuzumab’s antitumor 
properties, including  fl agging HER2+ tumor cells for destruction by antibody-
dependent cellular cytotoxicity, as well as inhibiting HER2 shedding and HER2-
dependent PI3K/AKT signaling  [  16–  18  ] . The additional anticancer property 
provided by the parent antibody trastuzumab, on top of the targeted delivery of a 

738 238 ~150,000MW:

Ratio: 3.5 3.5 1

DM1 = Derivative of Maytansine, a microtubule destablizing agent
MCC = [maleimidomethyl] cyclohexane-1-carboxylate, a nonreducible thioether linkage
Trastuzumab (Herceptin) = Monoclonal antibody directed against HER2   

  Fig. 11.1    Schematic representation of trastuzumab emtansine       
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cytotoxic agent, is a feature that distinguishes T-DM1 among other ADCs currently 
in development. For example, the unconjugated antibody that is the backbone of 
the ADC brentuximab vedotin (SGN-35), which resulted in durable objective 
responses in 50% of patients with relapsed/refractory CD30-positive lymphomas, 
had minimal antitumor activity  [  19  ] . Third, the predominant T-DM1 metabolite, 
lysine-MCC-DM1, has been shown to be highly toxic to cells upon intracellular 
release with the degradation of T-DM1 in lysosomes, but its positive charge pre-
cludes it from crossing plasma membranes, minimizing the “bystander” cytotoxic 
effects on neighboring HER2 non-overexpressing cells. Finally, HER2 itself is an 
attractive target for ADCs in that it passively recycles to the cell surface and is not 
subject to downregulation upon binding to trastuzumab  [  20  ] . Therefore, the avail-
ability of HER2 as a T-DM1 target is retained with repeated dosing.  

   Preclinical Studies 

 Results of preclinical studies in vitro and in vivo have provided strong evidence 
supporting a broad therapeutic window for T-DM1.    A key  fi nding in these initial 
studies was the importance of linker stability in de fi ning the ef fi cacy, pharmacoki-
netics, and safety pro fi le of trastuzumab-DM1 conjugates. Earlier generation ADCs 
utilized disul fi de-based linkers where deconjugation of the drug from the antibody 
was achieved by intracellular reduction. However, the observation that reductive 
cleavage of drug linked to the antibody by disul fi de-based linkers is extremely 
inef fi cient  [  21  ]  led to evaluation of different linker types. Compared to reducible 
disul fi de linkers, conjugation of DM1 to trastuzumab via the non-reducible thioether 
linker MCC resulted in increased antitumor ef fi cacy, increased serum ADC concen-
trations over time, minimized release of DM1 into the circulation, and less toxic 
effects in short-term single-dose toxicity studies in rats as measured by changes in 
body weight over time  [  17  ] . Based on these initial observations, trastuzumab-MCC-
DM1 was further studied in preclinical testing. 

 In murine xenograft models of HER2-overexpressing trastuzumab-resistant 
tumors, speci fi cally the tumor-derived cell line BT-474 EEI and Fo5 tumor trans-
plant model (derived from transgenic mice where HER2 expression is driven by the 
mouse mammary tumor virus promoter), treatment with T-DM1 resulted in reduc-
tion in tumor volume in a dose-dependent manner. In contrast, treatment of the Fo5 
xenograft model with unconjugated trastuzumab or free DM1 did not result in 
reduction of tumor volume  [  17  ] . In addition to trastuzumab-resistant cell lines and 
tumor xenografts, T-DM1 exhibited antitumor effects against cell lines and tumor 
xenografts that were resistant to lapatinib. In addition to the aforementioned antitu-
mor activity in the Fo5 tumor transplant model, where treatment with lapatinib did 
not inhibit tumor growth, T-DM1 exhibited robust antitumor activity against tumors 
derived from the MCF7-neo/HER2 cell line, which are trastuzumab resistant due to 
an activating mutation (E545K) in PIK3CA. Together, these results support the 
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premise that T-DM1 can have an effect on tumors that have developed potential 
resistance to trastuzumab and lapatinib  [  18  ] . 

 Preclinical safety  fi ndings following T-DM1 treatment suggested that T-DM1 
had a favorable safety and tolerability pro fi le. In rats, where there is no cross-reactivity 
of T-DM1 against rat HER2 protein, treatment with T-DM1 resulted in transient 
liver enzyme elevations and mild reversible thrombocytopenia  [  17  ] . Similar results 
were observed in studies of cynomolgus monkeys where there exists  cross-reactivity 
of T-DM1 to HER2 and included reversible increases in hepatic transaminases, 
dose-dependent irreversible axonal degeneration, and modest reversible decreases 
in platelet counts; however, platelet counts typically remained within normal limits 
 [  12  ] . Studies of radiolabeled T-DM1 in rats demonstrated that the primary route of 
elimination was via the hepatobiliary route  [  22  ] . 

 Given the promising preclinical results of T-DM1 and the potential to develop a 
novel class of HER2-directed agents, clinical testing of T-DM1 was initiated in 
patients in HER2-positive breast cancer. A listing of clinical studies of T-DM1 is 
summarized in Table  11.1 . In addition to studies of single-agent T-DM1, combina-
tions of T-DM1 with systemic chemotherapy and the HER2-directed monoclonal 
antibody pertuzumab are being studied  [  23,   24  ] . Results of clinical studies that attest 
to the ef fi cacy and safety of T-DM1 are highlighted in the following sections.    

   Phase I Study in HER2-Positive Metastatic Breast Cancer 

 A phase I dose-escalation study evaluated T-DM1 administered intravenously in 
patients with HER2+ MBC that had progressed on trastuzumab-based therapy  [  12  ] . 
The purpose of this study was to determine the maximally tolerated dose using two 
dosing schedules, every 3 weeks and weekly. For the every-3-week (q3w) schedule, 
the range of doses tested was 0.3 mg/kg to 4.8 mg/kg. A total of 24 patients were 
enrolled in this portion of the study. For the weekly schedule, a total of 28 patients 
were enrolled. The range of doses tested at the weekly schedule was 1.2–2.9 mg/kg. 
Enrolled patients had received a median of four prior chemotherapeutic agents for 
MBC in addition to progressing on prior trastuzumab therapy. Patients were assessed 
for safety and pharmacokinetics with exploratory assessments of ef fi cacy. 

 For the q3w schedule, the maximum tolerated dose (MTD) of T-DM1 was 
3.6 mg/kg based on dose-limiting toxicity of grade 4 thrombocytopenia that was 
observed in two of three patients treated at 4.8 mg/kg. Exploratory ef fi cacy results 
at the MTD were promising given a heavily pretreated patient population with dem-
onstrated progression on prior trastuzumab. For the 15 patients treated at the MTD, 
the clinical bene fi t rate (CBR) (de fi ned as the objective response rate plus stable 
disease for at least six months’ duration) was 73%. Four of the nine patients (44%) 
with measurable disease had an objective response  [  12  ] . 

 For the weekly schedule, based on an assessment of 19 patients, the MTD was 
2.4 mg/kg due to toxicity that prevented on-schedule administration of the subse-
quent dose in two of three patients treated at the 2.9-mg/kg dose level. Among the 
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(continued)

   Table 11.1    Clinical studies of T-DM1 in HER2-positive breast cancer   
 Clinical study and 
reference  Phase  Clinical setting  Treatment regimen 

 TDM3569g  [  12,   25  ]   I  HER2-positive MBC following 
prior chemotherapy and 
progression on trastuzumab 

 T-DM1 0.3–4.8 mg/kg 
every 3 weeks; T-DM1 
1.2 to 2.9 mg/kg weekly 

 TDM4258g  [  26  ]   II  HER-positive MBC following 
prior chemotherapy and 
progression on a HER2-
directed agent 

 T-DM1 3.6 mg/kg every 
3 weeks 

 TDM4374g  [  27  ]   II  HER-positive MBC following 
prior exposure to an 
antracycline, a taxane, 
capecitabine, trastuzumab, 
and lapatinib; two HER2-
directed agents in the 
metastatic setting; progres-
sion on the last regimen 

 T-DM1 3.6 mg/kg every 
3 weeks 

 TDM4450g/
BO21976  [  36  ]  

 II  HER2-positive recurrent or 
progressive locally advanced 
or previously untreated MBC 

 T-DM1 3.6 mg/kg every 
3 weeks versus 
trastuzumab 8 mg/kg 
loading dose then 6 mg/
kg every 3 weeks, 
docetaxel 75 or 100 mg/
m 2  every 3 weeks 

 TDM4688g  II  HER2-positive locally advanced 
or MBC following recur-
rence or progression on prior 
trastuzumab therapy 

 T-DM1 3.6 mg/kg every 3 
weeks; for patients with 
early progression on 
single-agent T-DM1, 
pertuzumab 840-mg 
loading dose then 
420 mg every 3 weeks 
is added 

 TDM4373g  [  23  ]   Ib/II  HER2-positive MBC following 
prior chemotherapy and 
HER2-directed therapy; 
includes patients treated in 
metastatic and in neoadju-
vant/adjuvant settings 

 T-DM1 3.6 mg/kg every 
3 weeks plus pertu-
zumab 840-mg loading 
dose then 420 mg every 
3 weeks 

 TDM4652g  [  24  ]   Ib  HER2-positive MBC following 
prior trastuzumab 

 Starting T-DM1 dose 
2.4 mg/kg every 
3 weeks plus paclitaxel 
from 65 mg/m 2  weekly 
with dose adjustments 
based on safety; starting 
T-DM1 dose 2.0 mg/kg 
weekly plus paclitaxel 
80 mg/m 2  weekly with 
dose adjustments based 
on safety 
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Table 11.1 (continued)
 Clinical study and 
reference  Phase  Clinical setting  Treatment regimen 

 BO22572  Ib  HER2-positive MBC or newly 
diagnosed locally advanced 
(stage III) breast cancer 

 MBC: starting T-DM1 dose 
2.4 mg/kg every 3 
weeks plus docetaxel 
dose escalation from 
75 mg/m 2  every 3 
weeks with dose 
adjustments based on 
safety; Locally 
advanced disease: 
starting T-DM1 dose 
3.6 mg/kg every 3 
weeks plus docetaxel 
60 mg/m 2  every 3 
weeks with dose 
adjustments based on 
safety 

 TDM4874g  II  HER2-positive early stage breast 
cancer 

 T-DM1 3.6 mg/kg every 3 
weeks sequentially with 
neoadjuvant or adjuvant 
chemotherapy 

 TDM4370g  III  HER2-positive locally advanced 
or MBC previously treated 
with trastuzumab 

 T-DM1 3.6 mg/kg every 3 
weeks versus lapatinib 
1,250 mg/day day 1–21 
and capecitabine 
1,000 mg/m 2  day 1–14 
every 3 weeks 

 BO22589/TDM4788g  III  HER2-positive progressive or 
recurrent locally advanced or 
previously untreated MBC 

 T-DM1 3.6 mg/kg every 3 
weeks plus pertuzumab/
pertuzumab placebo 
840- mg loading dose 
then 420 mg every 3 
weeks versus trastu-
zumab 8-mg/kg loading 
dose then 6 mg/kg 
every 3 weeks plus 
docetaxel 75 or 100 mg/
m 2  every 3 weeks or 
trastuzumab 4 mg/kg 
loading dose then 2 mg/
kg every week plus 
paclitaxel 80 mg/m 2  
every week 

15 patients across all dose levels who had evaluable measurable disease, eight (53%) 
had con fi rmed objective responses. Two of seven patients treated at the 2.4-mg/kg 
dose level had a partial response as their best response  [  25  ] . 
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 T-DM1’s pharmacokinetic pro fi le based on assessments following the  fi rst dose 
of 3.6 mg/kg was characterized by relatively slow clearance, a volume of distribu-
tion (60 ± 13.6 mL/kg) that approximates the physiologic blood volume, and a 
 half-life of approximately 3.5 days. Notably, systemic DM1 exposure was low 
(average of ~5 ng/mL maximum plasma levels) compared to that of conjugated 
T-DM1, which had a  C  

max
  of 74.3  m g/mL  [  12  ] . For the 2.4-mg/kg weekly schedule, 

the peak T-DM1 serum concentration following cycle 1 dosing was lower 
( C  

max
  58.4 ± 13.8  m g/mL), but total exposure of T-DM1 over a 3-week period with this 

weekly schedule is expected to be approximately twofold higher than the exposure of 
T-DM1 when given at a dose of 3.6 mg/kg on a once-every-3-week schedule  [  25  ] . 

 Based on these results, and because of the convenience of an every-3-week 
schedule for patients, the 3.6-mg/kg every-3-week dose schedule was selected for 
evaluation in subsequent phase II studies in patients with advanced HER2-positive 
breast cancer. However, the increased T-DM1 exposure provided by the weekly 
schedule does suggest that it may be worthwhile to evaluate this more dose-dense 
schedule in other disease settings, particularly as the exposure–ef fi cacy relation-
ships of T-DM1 become better characterized. On the other hand, the impact of a 
more intense dose schedule on safety and tolerability of T-DM1 is not known and 
will require additional investigation.  

   Phase II Studies in Advanced HER2-Positive 
Metastatic Breast Cancer 

 Two single-arm phase II studies of single-agent T-DM1 were conducted in patients 
with HER2-positive metastatic breast cancer (MBC) (Table  11.2 ). Study TDM4258g 
 [  26  ]  was the  fi rst phase II study conducted with T-DM1 in patients with HER2-
positive MBC after promising results were observed in the dose-escalation phase 
I study described in the previous section. Study TDM4374g  [  27  ]  was subsequently 
initiated to assess the ef fi cacy and safety of T-DM1 in patients with even more heav-
ily pretreated disease. Both studies’ primary endpoint was the objective response 
rate based on RECIST version 1.0  [  28  ]  as determined by independent radiologic 
review. Secondary endpoints included duration of response and progression-free 
survival (PFS) by independent radiologic review as well as objective response rate, 
duration of response, and PFS based on investigator assessment.  

 The demographic characteristics of patients enrolled in the two studies were 
similar (see Table  11.3 ). Most patients had an Eastern Cooperative Oncology Group 
(ECOG) performance status of 0 or 1. All patients’ tumors were HER2 positive by 
local laboratory assessment, as evidenced by 3+ on IHC and/or HER2 gene 
ampli fi cation determined on  fl uorescence in situ hybridization (FISH), with the 
exception of one patient in study TDM4374g whose tumor, on clinical review, was 
determined to be HER2 2+ on IHC and FISH negative. At study entry, all patients 
in both studies had measurable disease as assessed by the investigator. In general, 
the patients enrolled in both studies had signi fi cant disease burden. The median time 
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   Table 11.2    TDM4374g and TDM4258g study designs   

 Study TDM4258g  Study TDM4374g 

 Stage and design  Multi-institutional, open-label, 
single-arm, phase II trial 

 Multi-institutional, open-
label, single-arm, phase II 
trial 

 Number of patients 
enrolled 

 112  110 

 Patients  HER2-positive MBC: 
 • At least one prior chemotherapy 

agent 
 • Prior PD on HER2-directed 

regimen 

 HER2-positive MBC: 
 • Prior exposure to an 

anthracycline, taxane, 
capecitabine, lapatinib, 
and trastuzumab 

 • Two prior HER2-directed 
regimens in the metastatic 
setting 

 • PD on last regimen 
received 

 Dose and schedule  T-DM1 at 3.6 mg/kg IV q3w for up 
to 1 year or until documented 
disease progression or unmanage-
able toxicity 

 T-DM1 at 3.6 mg/kg IV q3w 
until documented disease 
progression or unmanage-
able toxicity 

 Primary endpoint  ORR assessed by independent review  ORR assessed by independent 
review 

 Secondary endpoints  • DoR by IRF assessment 
 • PFS by IRF assessment 
 • ORR, DoR, and PFS by 

investigator assessment 

 • DoR by IRF assessment 
 • PFS by IRF assessment 
 • Clinical bene fi t rate by 

IRF assessment 
 • ORR, DoR, PFS, and 

clinical bene fi t rate by 
investigator assessment 

 End of follow-up  30 days after last dose unless serious 
adverse event (90 days) 

 30 days after last dose unless 
serious adverse event (90 
days) 

 First patient enrolled; 
 last patient enrolled 

 20 July 2007; 
 31 July 2008 

 13 August 2008; 
 2 April 2009 

from the diagnosis of metastatic breast cancer to treatment with TDM1 was 33.1 
months in study TDM4258g and 41.4 months in study TDM4374g. The number and 
distribution of sites of metastatic disease were similar between the two studies, with 
the majority of patients having had disease involvement in three or more distinct 
sites, most frequently lung, liver, and bone.  

 Patients in both studies were heavily pretreated, having received a median of 
eight anticancer agents in all therapeutic settings, including the adjuvant and 
 neoadjuvant settings. The two studies had different enrollment criteria for prior 
therapy before trial enrollment, resulting in variations in both the number of prior 
agents received for the treatment of locally advanced or metastatic disease as well 
as the duration of prior HER2-directed therapy received in the locally advanced or 
metastatic setting. Study TDM4258g required patients to have a history of disease 
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   Table 11.3    Demographic and disease characteristics: enrolled patients in studies TDM4374g and 
TDM4258g   

 Characteristic  Study TDM4258g ( n  = 112)  Study TDM4374g ( n  = 110) 

 Median time since metastatic 
diagnosis, mo (range) 

 33.1 (2–258)  41.4 (1–149) 

  ECOG performance status  
  0  60 (53.6%)  54 (49.1%) 

  1  43 (38.4%)  53 (48.2%) 

  2  8 (7.1%)  3 (2.7%) 

  3  1 (0.9%)  0 

  Number of distinct metastatic sites  
  <3  28 (25%)  29 (26.4%) 
   ³ 3  84 (75%)  81 (73.6%) 
  Site of metastasis 

(occurring in   40% of patients)  
  Local–regional  67 (59.8%)  70 (63.6%) 

  Lung  63 (56.3%)  69 (62.7%) 

  Bone  59 (52.7%)  57 (51.8%) 

  Liver  63 (56.3%)  49 (44.5%) 

 Median number of agents for 
metastatic disease (range) a  

 5.0 (1–17)  7.0 (3–17) 

 Median number of agents in all 
therapy settings (range) a  

 8.0 (2–19)  8.5 (5–19) 

  Prior trastuzumab  
  Number of patients  112 (100%)  110 (100%) 
  Median duration of prior 

trastuzumab for treatment of 
locally advanced or metastatic 
breast cancer, mo (range) 

 17.6 (1–152)  19.7 (1.8–115.8) 

  Prior lapatinib  
  Number of patients  67 (59.8%)  110 (100%) 
  Median duration of prior lapatinib 

for treatment of locally 
advanced or metastatic breast 
cancer, mo (range) 

 6.0 (1–24)  6.8 (0.2–23.3) 

  Source   : Refs.  [  26,   27  ]  
 a Included all agents intended for the treatment of breast cancer except hormonal therapy and 
myeloablative therapy with stem cell transplant  

progression during or within 60 days of completing one HER2-directed therapy and 
to have received at least one prior chemotherapy agent for MBC. Patients received 
a median of  fi ve agents in the locally advanced or metastatic setting. 

 Study TDM4374g was subsequently initiated to evaluate the ef fi cacy of T-DM1 
in a more strictly de fi ned homogenous patient population and required eligible 
patients to have been treated with an anthracycline, trastuzumab, a taxane, lapatinib, 
and capecitabine, and to have been exposed to two HER2-directed agents in the 
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metastatic setting. Patients must have also received at least two lines of therapy in 
the metastatic setting and progressed on the last regimen received. Consequently, all 
110 patients enrolled on study TDM4374g had received trastuzumab, lapatinib, 
capecitabine, and an anthracycline prior to study enrollment, and all but one patient 
had previously received a taxane. The median number of agents received in the 
metastatic setting was seven in study TDM4374g. 

 As required, all patients in both studies TDM4374g and TDM4258g received 
trastuzumab prior to study enrollment. Additionally, all 110 patients enrolled in study 
TDM4374g, and 67 patients (59.8%) in study TDM4258g received lapatinib as a 
second HER2-directed agent. Because study TDM4258g was activated in July 2007, 
just after the approval of lapatinib in combination with capecitabine for  HER2-positive 
metastatic breast cancer (March 2007), pretreatment with lapatinib was not required 
for enrollment in study TDM4258g. The median duration of treatment with trastu-
zumab and lapatinib was similar between the two studies. 

   Ef fi cacy 

 Single-agent T-DM1 demonstrated antitumor ef fi cacy in both studies. Among 
treated patients, 29 on study TMD4258g and 36 on study TDM4374g had an 
objective tumor response, all partial, by independent review, corresponding to 
an objective response rate (ORR) of 25.9% and 32.7%, respectively (Table  11.4 ). 
Based on investigator assessment, the ORR was 37.5% in study TDM4258g and 
32.7% in study TDM4374g. CBR, de fi ned as the proportion of patients with an 
objective response or with stable disease for at least 6 months’ duration, was 
39.3% and 48.2% by independent review and 44.6% and 46.4% by investigator 
assessment, in study TDM4258g and TDM4374g, respectively.  

 In study TDM4258g, among patients with prior lapatinib treatment ( n  = 67), the 
ORR was 24.2% (95% CI, 14.5–36.0%) by independent radiologic review and 
34.8% (95% CI, 23.5–46.8%) per investigator  [  26  ] . Together with the primary 
results of study TDM4374g, T-DM1 had demonstrable ef fi cacy in tumors of patients 
who had previously received both approved HER2-directed therapies. 

 Responses to T-DM1 treatment in many cases were durable (Table  11.5 ). Based 
on investigator assessment, the median duration of response was similar in the two 
studies: 9.7 months in TDM4374g and 9.4 months in TDM4258g. The ranges of 
duration of objective response were also similar between the two studies. In both 
studies, the median duration of response based on independent radiologic assess-
ment was not reached due to insuf fi cient events.  

 PFS, de fi ned as the time from the  fi rst day of treatment with T-DM1 to docu-
mented disease progression or death from any cause on study, whichever occurred 
 fi rst, is shown in Table  11.6 . No notable differences were observed between the two 
studies, with the median PFS by IRF and investigator assessment being 6.9 and 5.5 
months, respectively, in study TDM4374g and 4.6 months for both in study 
TDM4258g.   
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   Table 11.4    Objective responses: treated patients in studies TDM4374g and TDM4258g   
 Study TDM4258g a   Study TDM4374g b  

 Treated patients,  n   112  110 
  IRF assessment  
  Patients with objective response,  n  (%)  29 (25.9%)  38 (34.5%) 
  95% CI for ORR  (18.4%, 34.4%)  (26.1%, 43.9%) 
  Investigator assessment  
  Patients with objective response,  n  (%)  42 (37.5%)  36 (32.7%) 
  95% CI for ORR  (28.6%, 46.6%)  (24.1%, 42.1%) 

  CI, con fi dence interval; CSR, clinical study report; IRF, independent review facility; 
ORR, objective response rate 
  a Approximately 12 months of follow-up after the last patient was enrolled 
  b Approximately 9 months of follow-up after the last patient was enrolled 
 Source: Refs.  [  26,   27  ]   

   Table 11.5    Duration of objective response: responding patients in studies TDM4374g 
and TDM4258g   

 Study TDM4258g  Study TDM4374g 

  IRF assessment  
  Duration of objective response (mo) 
  Median  NR  7.2 
  (95% CI)  (6.2, NE)  (4.6, NE) 
  Investigator assessment  
  Duration of objective response (mo) 
  Median  9.4  9.7 
  (95% CI)  (7.0, NE)  (6.6, NE) 

  CI, con fi dence interval; CSR, clinical study report; IRF, independent review facility; 
NE, not estimable; NR, not reached 
 Source: Refs.  [  26,   27  ]   

   Table 11.6    Progression-free survival: treated patients in studies TDM4374g and TDM4258g   

 Study TDM4258g ( n  = 112)  Study TDM4374g ( n  = 110) 

  IRF assessment  
  Progression-free survival (mo) 
  Median  4.6  6.9 
  (95% CI)  (3.9, 8.6)  (4.2, 8.4) 
  Investigator assessment  
  Progression-free survival (mo) 
  Median  4.6  5.5 
  (95% CI)  (4.0, 6.0)  (4.1, 7.5) 

  CI, con fi dence interval; CSR, clinical study report; IRF, independent review facility; NR, not 
reached 
 Source: Refs.  [  26,   27  ]   



19111 Trastuzumab    Emtansine (T-DM1) for the Treatment...

   Exploratory HER2 Testing Analyses 

 The development of targeted therapies such as trastuzumab and lapatinib underscores 
the critical value of accurate testing in determining the presence and expression level 
of the intended target, that is, HER2. Currently, HER2 status is determined using 
IHC or FISH. Despite the availability of FDA-approved diagnostic kits to assess 
HER2 status, standardization of diagnostic procedures and reagents is still lacking, 
which may be a contributing factor to the estimation that 15–20% of HER2 status as 
assessed by local testing may not be concordant with testing performed in a high-
volume central laboratory  [  29  ] . In an analysis of breast cancer specimens obtained 
from 2,600 patients comparing HER2 IHC and FISH results performed in local ver-
sus central laboratories, HER2 assessment by IHC and FISH performed at local labo-
ratories had false-positive rates of 25% and 10%, respectively, and agreement rates 
( k  statistic) of 0.56 and 0.83, respectively  [  30  ] . The implication of the heterogeneity 
of HER2 testing methodologies is that some patients may be inappropriately selected 
to receive (or not to receive) HER2-directed therapy and that responses to HER2-
directed therapy may be affected by discrepancies in HER2 testing. 

 In an exploratory analysis in the two phase II studies, tumor blocks or unstained 
slides from archival tumor tissue, where available, were reassessed for HER2 status 
using standardized methods for immunohistochemistry (IHC) and/or FISH by a 
central pathology laboratory. 

 In both studies, the discordance in HER2 results between local and central assess-
ment was similar to what has been reported in published reports  [  29  ] . In study 
TDM4374g, 92 patients had data available from retrospective HER2 testing. Tumors 
from 77 patients were assessed to be HER2 positive, whereas tumors from 15 
patients (16%) were assessed to be HER2 normal. Similarly, in study TDM4258g, 
99 patients had data available from retrospective HER2 testing. Tumors from 78 
patients were assessed to be HER2 positive, whereas tumors from 21 patients (21%) 
were assessed to be HER2 normal. Objective response rates in patients with cen-
trally assessed HER2-positive and HER2-normal tumors as determined by the IRF 
in the two studies are shown in Table  11.7 . In both studies, the objective response 
rate was modestly higher when the analysis was restricted to the centrally assessed 
HER2-positive patient population compared with that of the entire treated popula-
tion. Furthermore, the objective response rates in patients with centrally assessed 
HER2-positive tumors in both studies were higher compared with those with cen-
trally assessed HER2-normal tumors.  

 Further evidence for the speci fi city of T-DM1 against HER2-overexpressing dis-
ease is provided when assessing archival tumor tissue for HER2 expression as 
assessed by quantitative reverse-transcriptase polymerase chain reaction (qRT-
PCR). Patients enrolled on either trial with retrospectively con fi rmed HER2+ dis-
ease were grouped according to HER2 expression levels ( ³  or <median HER2 
expression level in study TDM4258g) determined by qRT-PCR. Distributions and 
ranges of HER2 levels assessed by qRT-PCR (Fig.  11.2a, b ) were consistent with 
the HER2 status assessed by IHC or FISH in that tumors determined to have normal 
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levels of HER2 expression had lower levels of HER2 mRNA expression. Even 
within the group of patients with HER2-positive tumors, this data suggests that 
HER2 expression may have an effect on T-DM1 ef fi cacy. With available data from 
50 patients in study TDM4258g and 65 patients in study TDM4374g, ORR per IRF 
in patients with  ³ median HER2 expression was 36% in study TDM4258g and 50% 
in study TDM4374g compared with ORR of 28% and 33.3% for patients whose 
tumors with <median HER2 expression (Fig.  11.2c ). Additionally, in study 
TDM4258g, the median PFS of patients with tumors  ³  median HER2 expression 
was not reached compared to a median PFS of 4.2 months for patients with tumors 
having <median HER2 expression (Fig.  11.2c )  [  31  ] .  

 Although these results are intriguing, a number of limitations in the analyses 
must be noted. First, the analyses were performed on archival specimens obtained 
at the time of initial diagnosis where technical differences in tissue preparation and 
extended storage times may affect the HER2 result from central retesting. Second, 
in most cases, central HER2 testing was performed on tumor tissue obtained at the 
time of initial diagnosis and not at the time of disease recurrence. Consequently, the 
impact of changes in HER2 expression between these two time points is not known. 
Prospective studies will be required to validate these  fi ndings and con fi rm whether 
HER2 expression is a predictive marker for response to T-DM1 and to further de fi ne 
RT-PCR-based cutoff values for HER2 expression that could reliably predict respon-
siveness to T-DM1. Nevertheless, these results support the speci fi city of T-DM1 
against HER2-overexpressing tumors and reinforce the need for high-quality HER2 
testing to ensure that targeted therapies like T-DM1 are provided to the appropriate 
patient population.  

   Safety 

 In the phase I and two phase II studies described above, there were a total of 237 
patients treated with T-DM1 at the dose schedule of 3.6 mg/kg every 3 weeks. The 
nature and severity of adverse events that occurred during T-DM1 treatment in these 

   Table 11.7    Objective response by retrospectively assessed HER2 status per the 
IRF: treated patients in studies TDM4374g and TDM4258g   
 IRF assessment  Study TDM4374g  Study TDM4258g 

 All treated patients,  n   110  112 
 Objective response rate  32.7%  25.9% 
 HER2-positive status,  n   80  78 
 Objective response rate  41.3% (29.2%, 52.1%)  32.1% (21.9%, 43.4%) 
 HER2-normal status,  n   15  21 
 Objective response rate  20.0% (5.7%, 44.9%)  4.8% (<1.0%, 21.8%) 

  CSR, clinical study report; IRF, independent review facility 
 Source: Refs.  [  26,   27  ]   
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patients are likely indicative of the safety and tolerability of T-DM1 in this popula-
tion of patients with advanced MBC. 

 In study TDM4258g, treated patients received a median of seven doses of T-DM1 
on study, with a median of 18.1 weeks duration of exposure. Twenty-one patients 
completed 1 year of study treatment, and 19 continued T-DM1 treatment as part of 
a separate extension study. In study TDM4374g, treated patients received a median 
of seven doses on study, with a median of 19.3 weeks duration of exposure. Most 

  Fig. 11.2    Ef fi cacy based on centrally assessed HER2 status and HER2 expression levels. Boxplots 
indicate levels of HER2 mRNA normalized to G6PDH mRNA expression, as assessed by qRT-
PCR, for centrally assessed tumor samples that were found to be HER2 positive and HER2 normal 
in studies TDM4258g ( a ) and TDM4374g ( b ). The  upper  and  lower  limits within the  box  represent 
the 75th and 25th percentiles, respectively.  Open circles  represent HER2 expression levels from 
individual tumor samples. ( c ) Kaplan–Meier plot of PFS based on independent radiologic assess-
ment for centrally con fi rmed HER2-normal patients and for HER2-positive patients based on 
expression of HER2 measured by qRT-PCR ( ³ median and <median levels) in study TDM4258g         
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patients were able to receive T-DM1 until disease progression. Documented disease 
progression was listed as the reason for T-DM1 discontinuation in 81.2% of patients 
enrolled in study TDM4258g and 69.1% of patients enrolled in study TDM4374g. 
Four patients on study TDM4258g and seven patients in study TDM4374g discon-
tinued T-DM1 treatment because of a documented adverse event. 

 The most common adverse events of any severity grade as measured by the NCI-
CTCAE (version 3.0) for the two phase II studies are shown in Table  11.8 . In general, 
the nature and severity of adverse events were consistent between the two studies. 
The vast majority of documented adverse events were grades 1–2 in severity. The most 
frequently observed grade 3–4 adverse events in study TDM4258g were hypokalemia 
(8.9%), thrombocytopenia (8.0%), and fatigue (4.5%); in study TDM4374g, the most 
frequently observed grade 3–4 adverse events were thrombocytopenia (7.3%), fatigue 
(4.5%), and cellulitis (3.6%). Regarding serious adverse events occurring in three or 
more patients, in study TDM4258g, cellulitis was reported in three patients, whereas 
in study TDM4374g, the most frequent serious adverse events were cellulitis in four 
patients and pyrexia and pneumonia each in three patients.  

 A total of three patients on the two phase II studies experienced adverse events 
leading to death including hepatic function abnormality, pneumonia, and interstitial 
lung disease. Four patients enrolled in study TDM4258g discontinued T-DM1 for 
the following reasons: concurrent thrombocytopenia and hepatotoxicity, thrombo-
cytopenia, concurrent asthenia and failure to thrive, and secondary malignancy with 
onset retrospectively determined to occur prior to T-DM1 dosing. Seven patients 
enrolled in study TDM4374g discontinued T-DM1 for adverse events including 
abnormal hepatic function, spinal cord compression, fatigue, cholelithiasis/pancrea-
titis, dyspnea, atrial  fi brillation, and thrombocytopenia. 

 Thrombocytopenia, de fi ned as the DLT in the phase I study  [  12  ] , was not associ-
ated with serious hemorrhage in either phase II study. Based on weekly laboratory 
evaluations of platelet count, thrombocytopenia was generally transient and noncu-
mulative. Declines in platelet count were observed approximately 7 days after 
T-DM1 dose with suf fi cient recovery to allow subsequent T-DM1 dosing to take 
place on schedule. Clinically, thrombocytopenia was manifested primarily as a lab-
oratory abnormality without signi fi cant bleeding events. Speci fi cally, the most com-
monly reported hemorrhagic AE was grade 1–2 epistaxis in 34% and 21.8% of 
treated patients on studies TDM4258g and TDM4374g, respectively. Grade > 2 
thrombocytopenia was infrequent and, as described above, rarely led to discontinu-
ation of T-DM1 treatment. Episodic platelet transfusions were also infrequent, and 
to date, there have been no documented instances where a patient required chronic 
platelet transfusions for recurrent thrombocytopenia. 

 The mechanism of action of thrombocytopenia resulting from T-DM1 treatment 
is not known and appears to be speci fi c to the platelets and not other hematopoietic 
cell lines; anemia and leukopenia were less frequently observed than thrombocy-
topenia in each of the studies. Population PKPD (de fi ne) modeling from the phase 
I and phase II studies suggested that  fl uctuations in the platelet count with T-DM1 
treatment resulted primarily from alterations in platelet production by megakaryocytes 
in the bone marrow  [  45  ] . This is consistent with the hypothesis that tubulin- dependent 
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mechanisms related to pre-platelet release from mature megakaryocytes, rather than 
direct cytotoxic effects on megakaryocytes, are responsible for the thrombocytope-
nia associated with T-DM1. Moreover, based on covariate analysis to determine any 
baseline demographic or pathophysiologic characteristic could be used to predict a 
patient’s platelet response to T-DM1 a priori, a baseline platelet count  £ 200,000  m L -1  
was the only factor that signi fi cantly contributed to an increased risk of developing 
grade 3–4 thrombocytopenia, suggesting that these patients’ platelet counts should 
be carefully monitored. 

 Elevations in hepatic transaminases (aspartate aminotransferase [AST] and 
 alanine aminotransferase [ALT]) were observed in the majority of patients enrolled 
in the two phase II studies. Similar to thrombocytopenia, elevations in AST and 
ALT were generally transient, reversible, and rarely resulted in discontinuation 
from T-DM1 treatment. However, grade 3 AST and ALT elevations were observed 
in 2.7% of patients in study TDM4374g and were associated with one patient death. 
The mechanism of action of T-DM1 associated hepatotoxicity is not known but has 
been observed with other maytansinoid ADCs  [  32  ] . 

 Characterization of the cardiotoxicity pro fi le of T-DM1 is of interest given the 
well-documented association of cardiotoxicity with trastuzumab treatment  [  33  ] . 
Despite the fact that many patients were previously treated with anthracyclines in 
addition to trastuzumab, no grade 3 LVEF declines or symptomatic congestive heart 
failure were observed in either phase II study, and no patients discontinued treat-
ment due to cardiac toxicity. Two patients had LVEF declines to 40–45% on study 
TDM4258g; no patients on study TDM4374g had declines to  £ 45%. It should be 
noted, however, that patients with a history of cardiac disease or LVEF < 50% by 
cardiac echocardiogram or MUGA at baseline were not eligible for study enroll-
ment. An ongoing phase II study (TDM4874g, clinicaltrials.gov identi fi er 
NCT01196052) aims to assess cardiac adverse events in patients receiving T-DM1 
following anthracycline-based therapy. Similarly, the effects of T-DM1 on potential 
QTc prolongation, which is qualitatively associated with the potentially fatal ven-
tricular arrhythmia torsades de pointes, are being evaluated in another phase II study 
(TDM4688g, clinicaltrials.gov identi fi er NCT00943670).  

   Pharmacokinetics 

 Pharmacokinetic parameter values for T-DM1 from all PK-evaluable patients in 
study TDM4258g were consistent with those observed in the phase I study with 
added PK information following T-DM1 administration at cycle 4 (Fig.  11.3 ). 
T-DM1  C  

max
  and area under curve (AUC) in cycles 1 and 4 were comparable, indi-

cating no accumulation of T-DM1 with q3w dosing (Fig.  11.3B ). As observed in the 
phase I study  [  12  ] , total trastuzumab had a higher  C  

max
  and AUC and longer terminal 

half-life than T-DM1. While the reasons for the difference between T-DM1 and total 
trastuzumab PK are not de fi nitively known, population PK modeling supports the 
presence of different routes of clearance of T-DM1 and trastuzumab as a potential 
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determining factor. In this model, elimination of T-DM1 results from deconjugation of 
DM1 from trastuzumab (resulting in free trastuzumab) and proteolytic degradation; 
in contrast, elimination of trastuzumab would occur solely as a result of proteolytic 
degradation  [  34  ] .  

 Important to the safety and tolerability pro fi le of T-DM1, systemic exposure to 
DM1 was consistently very low; maximum DM1 levels averaged 5.35 ± 2.03 ng/mL 
in cycle 1. The highest observed concentration of DM1 was <17 ng/mL, and because 
DM1 was only measurable immediately following T-DM1 administration, no  formal 

  Fig. 11.3    Pharmacokinetics of T-DM1, total trastuzumab, and plasma DM1 in study TDM4258g. 
( a ) Estimates of mean (and standard deviation)  C  

max
 , area under curve ( AUC ), terminal half-life, 

clearance, and volume of distribution at steady state ( V ss) are shown for T-DM1 and total trastu-
zumab after cycle 1 and cycle 4 of T-DM1 treatment in PK-evaluable patients enrolled on study 
TDM4258g. The lower limit of quantitation for T-DM1 and trastuzumab by ELISA was 40 ng/mL. 
The lower limit of quantitation for DM1 was 0.74 ng/mL. ( b ) Mean concentration–time pro fi les for 
serum T-DM1, serum total trastuzumab, and plasma DM1 in study TDM4258g       
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pharmacokinetic analysis of DM1 was possible. Moreover, repeated T-DM1 
 administration did not result in DM1 accumulation (Fig.  11.3B ). Similar results 
were observed in study TDM4374g. 

 The appropriateness of the 3.6-mg/kg q3w dose schedule was further supported 
by a population PK analysis performed on 273 patients across the phase I and two 
phase II studies that was designed to identify clinical baseline covariates that could 
have an impact on T-DM1 pharmacokinetics. Based on this analysis, T-DM1 expo-
sure was relatively consistent based on body weight dosing. Although there were 
statistically signi fi cant differences in interindividual variability associated with a 
number of covariates including body weight, serum albumin levels, tumor burden, 
and AST levels, the magnitude of these differences compared with typical parame-
ter values was low (< 26% interindividual variability). As a result of the clinical and 
pharmacokinetic data, the 3.6-mg/kg q3w dose schedule has been adopted in most 
clinical trials of T-DM1  [  35  ] . 

 Forty-four percent of patients had measurable total serum trastuzumab (0.044–
66.9  m g/mL) prior to receiving T-DM1, which was not unexpected since patients 
had received prior trastuzumab treatment and given trastuzumab’s half-life of 
approximately 16 days when given on a typical q3w schedule to patients with 
HER2-positive breast cancer. Despite the presence of circulating trastuzumab, there 
was no impact on T-DM1 exposure. 

 With respect to immunogenicity, 7 of 108 evaluable patients in study TDM4258g 
developed anti-T-DM1 antibodies (ATA) with no obvious impact on pharmacoki-
netics (Table  11.9 ). The formation of ATA was not associated with signi fi cant clini-
cal events  [  26  ] .    

   Phase II Study of T-DM1 Compared to Docetaxel and 
Trastuzumab as First-Line Treatment in HER2-Positive 
Metastatic Breast Cancer 

 While the aforementioned single-arm phase II studies of T-DM1 in patients with 
advanced HER2-positive MBC showed strong evidence of antitumor ef fi cacy com-
bined with an apparently acceptable safety and tolerability pro fi le, a clear demonstra-
tion of the clinical bene fi t with T-DM1 treatment would require a direct comparison 
with a standard regimen of trastuzumab combined with chemotherapy. To address 
this, a randomized open-label phase II study (TDM4450g; clinicaltrials.gov identi fi er: 
NCT00679341) was conducted to compare the ef fi cacy and safety of single-agent 
T-DM1 administered at 3.6 mg/kg q3w with that of trastuzumab (8 mg/kg initial dose 
followed by 6 mg/kg q3w) and docetaxel (75 mg/m 2  or 100 mg/m 2  q3w) in patients 
with HER2-positive recurrent locally advanced breast cancer or previously untreated 
MBC. 137 patients were enrolled. Baseline demographic and disease characteristics 
between the two arms, including ECOG performance status, hormone receptor sta-
tus, and prior therapies, were similar between the two arms. 27.1% and 17.9% of 
patients enrolled to the trastuzumab plus docetaxel arm and T-DM1 arm, respec-
tively, received prior trastuzumab in the neoadjuvant and/or adjuvant settings. 
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 Primary ef fi cacy and safety results based on a median of 6 months’ duration of 
follow-up indicate that T-DM1 was superior in terms of the primary endpoint of the 
study, PFS. Based on investigator assessment, the median PFS in patients treated 
with T-DM1 was 14.2 months compared to 9.2 months among patients treated with 
trastuzumab and docetaxel (HR = 0.594; log-rank  p  value = 0.0353; Fig.  11.4a ). 
Objective response rates were similar between the two treatment arms (58% for 
trastuzumab plus docetaxel versus 64.2% for T-DM1). However, more durable 
responses were observed in patients treated with T-DM1 (Fig.  11.4b ). Moreover, the 
median duration of treatment was 10 months for T-DM1, 8.1 months for trastu-
zumab, and 5.5 months for docetaxel  [  36  ] .  

 The safety pro fi le of T-DM1 was also favorable compared to the combination of 
trastuzumab and docetaxel. Notably, the proportion of patients with reported 
grade  ³  3 adverse events was 46.2% in the T-DM1 compared to 89.4% in the chemo-
therapy combination arm. Hematologic grade  ³  3 adverse events commonly associ-
ated with docetaxel treatment, that is, neutropenia, leukopenia, and febrile 
neutropenia, were less frequently observed with T-DM1 (Table  11.10 ). In addition, 
alopecia, which is an event that has substantial psychosocial impact particularly on 
patients with advanced disease, was reported in only three patients treated with 
T-DM1 versus 44 patients treated with trastuzumab and docetaxel (Table  11.10 ). 
Beyond these speci fi c adverse events, the spectrum of adverse events with T-DM1 
treatment was consistent with those observed in the phase II studies in patients with 
more advanced HER2-positive MBC described earlier. Grade  ³  3 thrombocytopenia 
was reported in 8.7% of patients (compared to 3.0% in the control arm); grade 3 
elevations in AST and ALT each were observed in 8.7% of patients (compared to 0 
in the control arm). Finally, based on regular echocardiogram/MUGA evaluations, 
T-DM1 was not associated with an increased of cardiotoxicity compared with tras-
tuzumab and docetaxel  [  36  ] .  

 Taken together, the preliminary results of study TDM4450g, which provide the 
 fi rst direct comparison with a trastuzumab-containing regimen, are strong evidence 
of an improved therapeutic window provided by T-DM1. The improvement in PFS 
with T-DM1 may result from a number of factors contributing to increased duration 
of T-DM1 treatment, including improved tolerability of T-DM1 over the combina-
tion of trastuzumab and docetaxel and the intrinsic antitumor potency of HER2-
targeted delivery of DM1.  

   Table 11.9    Impact of anti-therapeutic antibody on T-DM1 pharmacokinetics   

 Patient population  Number of patients a  

 Mean (±SD) 

 AUC 
inf

  ( m g day/mL)   C  
max

  ( m g/mL) 

 All PK-evaluable patients  101  457 (±129)  80.9 (±20.7) 
 Patients with positive ATA response a   7  409 (±149)  77.8 (±25.0) 
 Patients with negative ATA response  94  461 (±128)  81.2 (±20.5) 

   a Number of patients whose pretreatment (baseline) ATA response was negative but who had at 
least one positive con fi rmed ATA response after T-DM1 treatment  
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  Fig. 11.4    Progression free survival ( PFS ) and duration of response in study TDM4450g. 
( a ) Kaplan–Meier curves for PFS. Hazard ratio and log-rank  P  values were from strati fi ed analysis. 
( b ) Kaplan–Meier curves for duration of response. Note that the median duration of response for 
T-DM1 was not reached.  T  +  D  trastuzumab plus docetaxel;  CI  con fi dence interval;  NR  not 
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   Phase III Studies 

 Results of the fi rst phase III trial to demonstrate superiority of T-DM1compared 
with standard therapy were recently published in the New England Journal of 
Medicine  [  44  ] . EMILIA is a randomized, phase III study comparing T-DM1 
(3.6 mg/kg every 3 weeks) to capecitabine and lapatinib in nearly 1000 patients with 
advanced breast cancer progressing on trastuzumab and a taxane (Fig.  11.5 ). The 
primary endpoint, PFS, was signifi cantly longer in patients receiving T-DM1 com-
pared with those treated with capecitabine and lapatinib (9.6 months vs. 6.4 months, 
P < .0001, Fig.  11.6a ). With the exception of the 138 patients older than 65 years, 
this benefi t was maintained across all subgroups. Treatment with T-DM1 also 
resulted in signifi cantly improved overall response, and an almost doubling of 
median duration of response (Table  11.11 ). At a median follow-up of about 
19 months, and after 331 deaths, overall survival was signifi cantly longer in patients 
treated with T-DM1 compared to those treated with lapatinib and capecitabine, 
reaching the pre-specifi ed study endpoint (30.9 versus 25.1 months respectively, HR 
0.682, P = .0006, Fig.  11.6b ). Final survival data is expected in 2014.

The EMILIA trial also reported less toxicity with T-DM1 compared to the con-
trol arm. Eighty-nine percent of patients in the lapatinib/capecitabine arm experi-
enced grade ³3 adverse events, compared with only 46% of patients in the T-DM1 
arm; only 5.9% (29 patients) required treatment discontinuation due to toxicity in 
this arm compared with 10.7% (52 patients) treated with lapatinib and capecitabine 
(Table  11.12 ). Patients treated with lapatinib/capecitabine had a higher incidence of 
grade 3/4 diarrhea (20.7 versus 1.6%) and hand foot syndrome (16.4 versus 0%). In 
contrast, grade 3/4 thrombocytopenia was more common in patients treated with 
T-DM1 (12.8 versus 0.2%) but rarely led to hemorrhage. Transaminases were 
increased more frequently with T-DM1 as well, with grade 3/4 elevations occurring 
in less than 5% of study patients. Both thrombocytopenia and transaminase eleva-
tion responded to holding drug and dose reductions, when necessary.

• Primary end points: PFS by independent review, Overall survival, Safety
• Secondary end points: ORR, Duration of response, Quality of Life (FACT-B)

HER2-positive
locally advanced or

metastatic BC previously
treated with trastuzumab

(N = 980)

T-DM1 (3.6 mg/kg) q3w

Lapatinib (1250 mg/day) Days 1–21
plus

Capecitabine (1000 mg/m2) Days 1–14
q3w

  Fig. 11.5    Schema for the EMILIA study, a randomized open-label multi-institutional phase III 
study of single-agent T-DM1 versus the combination of lapatinib and capecitabine for the treat-
ment of patients with HER2-positive locally advanced or metastatic breast cancer previously 
treated with trastuzumab       
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Cardiotoxicity was not increased in the T-DM1 arm compared with the control 
arm (1.7% versus 1.6%, respectively). Patient-reported outcomes documented a 
signifi cantly shorter time to symptom progression using the FACT Breast Trial 
Outcome Index in patients treated with capecitabine and lapatinib versus T-DM1 
(4.6 versus 7.1 months, HR 0.8,  P  = .012). An application has been submitted to the 
FDA for T-DM1 based on this data, and approval is expected in 2013.     

 A second phase III trial, named MARIANNE (BO22589/TDM4788g Fig.  11.7a ; 
clinicaltrials.gov identi fi er NCT01120184), is expected to report initial results in 

a

b

  Fig. 11.6    Results of the EMILIA trial. ( a ) Progression free survival. ( b ) Overall survival at a 
median follow-up of about 19 months. Lap = lapatinib, Cap = capecitabine       
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2013. Marianne is a three-arm randomized open-label registrational trial examining 
the combination of T-DM1 plus the HER2-directed monoclonal  antibody pertu-
zumab compared to T-DM1 plus placebo or combined trastuzumab plus a taxane as 
 fi rst-line treatment of recurrent or progressive locally advanced breast cancer or 
previously untreated MBC. The addition of pertuzumab, which like trastuzumab binds 
to HER2 but inhibits HER2 signaling by mechanisms distinct from trastuzumab, is 

 Table 11.12 Toxicities reported in the EMILIA trial, comparing lapatinib/capecitabine to T-DM1

  Lapatinib Plus Capecitabine    T-DM1  

  (N=389)    (N=397)  

  Objective response, n (%)   120 (30.8)  173 (43.6) 

 95% CI  26.3–35.7  38.6–48.6 
 Difference in rates, % (95% CI)  12.7 (6.0–19.4) 
 P value  0.0002 
 Complete response, n (%)  2 (0.5)  4 (1.0) 
 Partial response, n (%)  118 (30.3)  169 (42.6) 
  Median duration of objective response, 

months (95% CI)  
 6.5 (5.5–7.2)  12.6 (8.4–20.8) 

  *The total number of patients in each group re fl ects those with measurable disease at baseline, as 
determined by independent review. 
 CI = con fi dence interval, T-DM1 = trastuzumab emtansine  

 Table 11.11 Overall response and duration of response in the EMILIA trial

  Adverse Event    Lapatinib Plus 
Capecitabine (n=488)  

  T-DM1  

  (n=490)  

  All grades, 
n (%)  

  Grade 3-4    All grades, 
n (%)  

  Grade 3-4  

  n (%)    n (%)  

  Overall   477 (97.7)  278 (57.0)  470 (95.9)  200 (40.8) 

  Speci fi c events  
 Diarrhea  389 (79.7)  101 (20.7)  114 (23.3)  8 (1.6) 
 Palmar–plantar erythodysesthesia  283 (58.0)  80 (16.4)  6 (1.2)  0 (0.0) 
 Vomiting  143 (29.3)  22 (4.5)  93 (19.0)  4 (0.8) 
 Neutropenia  42 (8.6)  21 (4.3)  29 (5.9)  10 (2.0) 
 Hypokalemia  42 (8.6)  20 (4.1)  42 (8.6)  11 (2.2) 
 Fatigue  136 (27.9)  17 (3.5)  172 (35.1)  12 (2.4) 
 Nausea  218 (44.7)  12 (2.5)  192 (39.2)  4 (0.8) 
 Mucosal in fl ammation  93 (19.1)  11 (2.3)  33 (6.7)  1 (0.2) 
 Anemia  39 (8.0)  8 (1.6)  51 (10.4)  13 (2.7) 
 Increased ALT  43 (8.8)  7 (1.4)  83 (16.9)  14 (2.9) 
 Increased AST  46 (9.4)  4 (0.8)  110 (22.4)  21 (4.3) 
 Thrombocytopenia  12 (2.5)  1 (0.2)  137 (28.0)  63 (12.9) 

   * The safety population includes all patients who received at least one dose of the treatment, based 
on actual treatment received. 
 ALT = alanine aminotransferase, AST = aspartate aminotransferase, T-DM1 = trastuzumab 
emtansine  
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hypothesized to provide additional antitumor ef fi cacy compared to T-DM1 alone. 
This is based in part on preclinical breast cancer models that showed synergistic 
antitumor effects when T-DM1 is combined with pertuzumab and clinical results 
from studies of pertuzumab combined with trastuzumab that demonstrated objec-
tive responses in patients who had prior disease progression on trastuzumab alone 
 [  36  ] . A phase Ib/II study of T-DM1 combined with pertuzumab (TDM4373g) as 
second-line and  fi rst-line treatment of HER2-positive MBC has been conducted and 
demonstrated the feasibility of combining the two agents at full single-agent doses 
from a safety and ef fi cacy standpoint  [  23  ] .  

 The primary endpoints of the MARIANNE study are PFS by independent review 
and safety. An important secondary endpoint of the MARIANNE study is the assess-
ment of patients’ quality of life through the use of patient-reported outcomes. 
Together with conventional measures of safety, these questionnaires will provide an 
opportunity to more fully describe the impact of treatment toxicities on the indi-
vidual patient and determine the overall clinical bene fi t of T-DM1 with respect to 
disease-related toxicities  [  37  ] .  

   Future Directions 

 Results of clinical studies conducted to date strongly support T-DM1 as an effective 
and tolerable therapeutic option against HER2-positive cancer. It is noteworthy 
that single-agent T-DM1, in the absence of additional systemic chemotherapy, has 

• Primary end points: PFS byindependent review, Safety
• Secondary end points: Truncated overall survival, ORR, Duration of response, Quality of Life

HER2-positive
progressive or recurrent

locally advanced or
metastatic BC

(N =1092)

Trastuzumab (8 mg/kg loading dose, then
6 mg/kg q3w + Docetaxel 75 mg/m2 q3w

OR
Trastuzumab (4 mg/kg loading dose, then

2 mg/kg qw + Paclitaxel 80 mg/m2 qw

T-DM1 (3.6 mg/kg) + Pertuzumab (840 mg
loading dose, then 420 mg) q3w

T-DM1 (3.6 mg/kg) + Pertuzumab-
placebo (840 mg loading dose, then

420 mg) q3w

  Fig. 11.7    Schema for the ongoing MARIANNE study, a randomized open-label multi-institu-
tional phase III study of T-DM1 plus pertuzumab and T-DM1 plus pertuzumab–placebo versus the 
combination of trastuzumab plus a taxane for the treatment of patients with HER2-positive pro-
gressive or recurrent locally advanced breast cancer or newly diagnosed metastatic breast cancer       
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meaningful antitumor activity not only in patients with advanced disease who have 
been treated with a large number of anticancer therapies including prior trastuzumab 
and/or lapatinib but also in patients with  de novo  metastatic disease. Preliminary 
results of study TDM4450g, in which T-DM1 administered without systemic che-
motherapy had comparable ef fi cacy and fewer severe adverse events than the com-
bination of trastuzumab and docetaxel, strongly supported the concept of treatment 
regimens using ADCs such as T-DM1 that are free of untethered systemic chemo-
therapy. The recent publication of the EMILIA trial provides defi nitive data demon-
strating superior overall survival with reduced toxicity with T-DM1 compared to 
standard chemotherapy combined with lapatinib in patients with pre-treated 
advanced breast cancer. Together, these results demonstrate the utility of T-DM1 in 
patients with advanced HER2-positive breast cancer who, because of the advanced 
nature of their disease and frequent comorbidities, often require tolerable yet effec-
tive therapy. Regardless of the setting in which T-DM1 is administered, the potential 
minimal impact of T-DM1 treatment on patients’ quality of life cannot be underes-
timated. Based on these data, several planned studies will also explore the use of 
T-DM1 in the adjuvant or neoadjuvant settings. 

 While evidence to date indicates that T-DM1 has an important role in the treat-
ment of HER2-positive cancers, there remain a number of important questions as to 
how T-DM1 can be best used. First, additional work remains to assess combination 
therapies of T-DM1 with other anticancer agents. Ongoing studies are exploring the 
utility and feasibility of combining T-DM1 with chemotherapeutic agents such as 
paclitaxel and docetaxel, as well as other monoclonal antibodies such as pertuzumab 
(e.g., the phase III MARIANNE study). Additional combinations with other agents 
that speci fi cally target molecular pathways critical to the survival and proliferation 
of breast cancers would also be of considerable scienti fi c and clinical interest. Such 
novel combinations would constitute major steps in ful fi lling the vision of effective 
therapy against HER2-positive breast cancer free of systemic chemotherapy. 

 Beyond the conceptual considerations, it should be noted that the optimal dose 
schedule as de fi ned for single-agent studies of T-DM1 in advanced HER2-positive 
breast cancer could differ when combined with other agents. Further dose  adjustments 
among the individual agents may be necessary to achieve the optimal balance of 
ef fi cacy and safety and tolerability. Moreover, these considerations are particularly 
important as T-DM1 begins to be explored in earlier-line indications including the 
neoadjuvant and adjuvant settings. The potential for combined targeted approaches 
to treat HER2-positive breast cancer was recently exempli fi ed by recent  fi ndings 
from neoadjuvant studies demonstrating the bene fi t of dual-HER2 inhibition. In one 
study, the addition of the HER2-directed monoclonal pertuzumab to trastuzumab 
and chemotherapy and, in a separate study, the addition of the oral receptor 
EGFR/HER2 tyrosine kinase inhibitor lapatinib to trastuzumab and chemotherapy 
resulted in improved pathologic complete response rates compared to trastuzumab 
plus chemotherapy alone  [  38,   39  ] . Even interactions of T-DM1 with commonly used 
conventional chemotherapy agents remain to be studied. Whether the sequential use 
of T-DM1 following anthracycline chemotherapy, for example, has any deleterious 
effects on cardiac function as was observed in patients treated with trastuzumab is 
an important question that requires further investigation. 
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 While the clinical investigations of T-DM1 to date have been in HER2-positive 
breast cancer, the potential use of T-DM1 in other HER2-positive tumors remains 
unexplored. The recent demonstration that trastuzumab in combination with 
 chemotherapy for the  fi rst-line treatment of HER2-positive gastric cancer  [  40  ]  is 
demonstration of the value of HER2 suppression for cancers beyond breast cancer 
and suggests that the ability of T-DM1 to both inhibit HER2 and speci fi cally deliver 
a potent cytotoxic agent makes it worthy of evaluation in gastric cancer  [  41  ] . On the 
other hand, optimization of T-DM1 dose schedules will be necessary. Not only, as 
previously mentioned, is the feasibility of combining T-DM1 with other anticancer 
agents not fully elucidated but the pharmacokinetics and pharmacodynamics of 
T-DM1, which to date have been assessed solely in HER2-positive breast cancer, 
are completely unknown in HER2-positive gastric cancer. Dose- fi nding studies, 
characterization of T-DM1 pharmacokinetics and pharmacodynamics, and clinical 
correlations to ef fi cacy and tolerability in HER2-positive gastric cancer will be 
required. 

 In an era of personalized health care, identifying patients that could bene fi t from 
T-DM1 is critically important. Completed and ongoing studies of T-DM1 utilize 
HER2 expression as the single determinant of identifying patients eligible for 
T-DM1 treatment and preliminary data from study TDM4258g indicate that HER2 
gene expression is a major determinant in T-DM1 ef fi cacy. However, it remains to 
be seen if T-DM1 treatment would result in varying degrees of clinical bene fi t within 
the HER2-positive breast cancer population. For example, cancers that harbor 
potential resistance mechanisms to trastuzumab therapy such as activating mutations 
in the PI3K pathway  [  42  ]  and/or expression of the truncated form of HER2 receptor 
(p95HER2)  [  43  ]  could also be resistant to treatment with T-DM1. To answer speci fi c 
hypotheses around these biologically important questions will require clinical trials 
designed to access or obtain tumor tissue at various time points throughout a 
patient’s treatment course. 

 While the concept of ADCs is not new, only recently have developments in target 
selection, linker design, and payload optimization resulted in ful fi lling their clinical 
potential. T-DM1 is a molecule unique even among ADCs because of the docu-
mented clinical bene fi t of the parent antibody trastuzumab on top of the bene fi ts of 
targeted delivery of chemotherapy. The promising results of T-DM1 in clinical trials 
to date, and in particular the recent remarkable results of the EMILIA trial, are clear 
evidence of the potential of ADCs to be important players in the treatment of patients 
with cancer.      
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         Introduction 

 The development of monoclonal antibodies as cancer therapeutic agents has 
improved the outlook for many patients as evidenced by the number of such drugs 
that have been approved for oncologic indications  [  1  ] . Monoclonal antibodies allow 
selective killing of malignant cells (targeted therapy) with relative sparing of the 
normal tissues resulting in higher therapeutic ef fi cacy and lower toxicity. The 
advances in the monoclonal antibody  fi eld have been expedited by the discovery of 
targets or pathways that are uniquely present or upregulated in cancer cells along 
with the advances in the technology used for the production of human or “human-
ized” reagents  [  2  ] . An additional strategy to enhance monoclonal antibody therapy 
is to utilize these reagents to selectively deliver radioisotopes (radioimmunother-
apy) or cytotoxic agents (antibody–drug conjugates) to tumor cells  [  3,   4  ] . CDX-011 
is a recently described antibody–drug conjugate in early clinical trials.  

   CDX-011 

 CDX-011 (glembatumumab vedotin, CR011-vcMMAE) is an antibody–drug conju-
gate comprised of a fully human IgG 

2
  monoclonal antibody (CR011) directed 

against the extracellular domain of glycoprotein nonmetastatic B (GPNMB) and 
conjugated to the tubulin-binding cytotoxic compound monomethylauristatin E 
(MMAE) via a protease-sensitive valine–citrulline (vc) linker. The average 
MMAE:CR011 molar ratio is approximately 4.5:1; thus, there is an average of 4 or 
5 MMAE molecules delivered to tumor cells per antibody interaction  [  5  ] . 
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   The Antibody, CR011 

 CR011 is a fully human IgG2 monoclonal antibody generated in the human IgG2-
bearing XenoMouse strains developed by Abgenix (Fremont, CA) via immuniza-
tion with recombinant extracellular domain of the human GPNMB  [  5  ] . These 
genetically engineered XenoMouse strains possess an immune system in which the 
mouse antibody-producing genes have been inactivated and functionally replaced 
by most of the human antibody-producing genes; thus, the strains still recognize 
human antigens as foreign, but instead of producing mouse antibodies they produce 
high-af fi nity fully human antibodies (different strains produce different classes of 
IgG antibodies)  [  6,   7  ] . In the case of CR011, the generated hybridoma cell lines 
were subsequently screened for antibody reactivity and speci fi city to the extracel-
lular domain of human and cloned GPNMB. The antibody selected for further char-
acterization and expansion had a dissociation constant of 52 nmol/L for the puri fi ed 
extracellular domain of GPNMB and was designated CR011  [  5  ] .  

   The Conjugate, CDX-011 (CR011-vcMMAE 
or Glembatumumab Vedotin) 

 Although CR011 was able to bind GPNMB on melanoma cell lines, the antibody 
did not inhibit cell growth or induce apoptosis  [  5  ] . Thus, it was decided to generate 
an antibody–drug conjugate to combine the tumor targeting speci fi city of CR011 
with the cytotoxic activity of the MMAE compound  [  5  ] . CDX-011 was generated 
by covalently coupling CR011 to MMAE (monomethyl auristatin E) via a cathepsin 
B-cleavable valine–citrulline (vc) peptide linker (Fig.  12.1 ). Monomethyl auristatin 
E (MMAE) is a synthetic derivative of dolastatin 10, a natural cytostatic pseudopep-
tide originally isolated from the marine shell-less mollusk  Dorabella auricularia   [  8  ] . 

  Fig. 12.1    CDX-011 structure. CDX-011consists of the fully human mAb CR011, a linker  
(consists of a thiol-reactive maleimide, a caproyl spacer, the dipeptide valine–citrulline, and 
 p -   aminobenzyloxycarbonyl), and the small molecule anti-tubulin agent monomethylauristatin E. 
Source: Image Provided by Celldex Therapeutics       
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MMAE exerts its potent cytostatic effect by inhibiting microtubule assembly, tubulin-
dependent GTP hydrolysis, and polymerization. MMAE–antibody–drug conjugates 
have demonstrated potent in vitro (very low IC 

50
 ) and in vivo antitumor activity in 

multiple malignancies  [  9,   10  ] . Importantly, the conjugation of MMAE to CR011 
potently and speci fi cally inhibited the growth of GPNMB-positive melanoma cell 
lines in vitro (SK-Mel-2 and SK-Mel-5) but not GPNMB-negative cell lines  [  5  ] . 
In addition, in a melanoma xenograft model, CR011-vcMMAE induced signi fi cant 
dose-proportional antitumor effects, including complete regressions, at doses as 
low as 1.25 mg/kg  [  5  ] . Similar preclinical observations have been seen in GPNMB-
positive breast cancer cell lines  [  11  ] . Once CDX-011 binds to the surface antigen, 
the antibody–drug conjugate migrates to the lysosomes where the active cytotoxic 
compound is released with the action of lysosomal enzymes (Fig.  12.2 )  [  12  ] . 
Although the peptide-based linker provides a highly stable bond under physiologic 
conditions, it facilitates rapid and ef fi cient drug cleavage upon internalization of the 
immunoconjugate by the target tumor cell  [  13  ] . In addition, this stable linker 
decreases levels of the circulating unbound cytotoxic agent resulting in decreased 
nonselective toxicity  [  13  ] .    

   The Target, Glycoprotein Nonmetastatic B 

 CDX-011 is directed against glycoprotein nonmetastatic B (GPNMB), also known 
as osteoactivin; dendritic cell–heparin integrin ligand (DC-HIL); or hematopoietic 
growth factor inducible neurokinin-1 type (HGFIN). GPNMB is encoded by the 
GPNMB gene on chromosome 7p15, a locus involved in the human inherited dis-
ease cystoid macular edema also known as dominant cystoid macular dystrophy 
 [  14  ] . GPNMB was initially identi fi ed as a gene that was differentially expressed 
among melanoma cell lines with high and low metastatic potential  [  15  ] . The encoded 
protein is a type I transmembrane protein, which shows closest homology (by 26% 
amino acid sequence) to the melanocyte/melanoma speci fi c protein pMEL17  [  15  ] . 

  Fig. 12.2    CDX-011 mechanism of action. The cytotoxin MMAE is released from the antibody–
drug conjugate intracellularly via lysosomal protease cleavage at the valine–citrulline dipeptide. 
Source: Image Provided by Celldex Therapeutics       
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In sequencing and cloning the extracellular domain of GPNMB, two alternative 
splice variants of the protein were identi fi ed  [  5  ] , 560 or 572 amino acids each one. 
The extracellular domain of the GPNMB contains a putative heparin binding site, 
many N-glycosylation sites (play a role in modulating protein stability, conforma-
tion, and protein:protein interactions), a SIG domain (determines the entry of 
GPNMB into the secretory pathway), an Arg-Gly-Asp (RGD) motif (responsible for 
integrin-mediated cell adhesion), a GAP1 and GAP2 domain separated by a KRG 
(kringle-like) domain (involved in protein–protein interactions), and a polycystic 
kidney disease domain (mediates the interaction between the GPNMB expressed on 
antigen-presenting cells and syndecan-4 expressed on activated T cells)  [  16–  19  ] . 

 GPNMB is normally expressed in various tissues including the bone (osteoclasts 
and osteoblasts), hematopoietic system (dendritic cells and macrophages), breast 
epithelia, and the skin (epidermal Langerhans cells and melanocytes)  [  20–  27  ] . 
GPNMB was shown to be upregulated or aberrantly expressed in several malignant 
tumors including hepatocellular carcinoma  [  28  ] , gliomas  [  29–  31  ] , breast carcinoma 
 [  32,   33  ] , and melanoma (cutaneous and uveal)  [  34–  36  ] . In preclinical studies of 
breast cancer, GPNMB expression was shown to play a signi fi cant role in skeletal 
metastases, and invasion; in addition, GPNMB in breast cancer can promote tumor 
angiogenesis by two interrelated mechanisms: upregulation of stromal VEGF 
expression and chemoattraction of endothelial cells by GPNMB ectodomain shed-
ding  [  37,   38  ] . Studies in breast cancer have identi fi ed a correlation between high 
GPNMB expression and features of aggressive phenotype including ER-negative 
status, increasing grade, and p53 mutational status  [  32,   39  ] . GPNMB is highly 
expressed in triple negative breast cancer and is associated with increased risk of 
recurrence  [  39  ] . In melanoma, GPNMB expression has been seen preferentially in 
low-metastatic cell lines; transfection of partial GPNMB cDNA into highly meta-
static melanoma cell line resulted in slower subcutaneous tumor growth in nude 
mice  [  15  ] . In addition, overexpression of GPNMB promoted growth of melanoma 
cells by inhibiting the activation of tumor-reactive T cells via an interaction with 
syndecan-4  [  40  ] . Finally, GPNMB was shown to interact with the surface of 
endothelial cells  [  22  ] , a  fi nding that may have implications for GPNMB-expressing 
melanoma cell transendothelial migration and metastasis  [  36  ] . In hepatocellular 
carcinoma GPNMB levels of expression were higher in well-differentiated tumors, 
and in glioblastomas GPNMB expression is associated with poor clinical outcomes. 
A recent report suggests that GPNMB may be upregulated by pharmacologic inter-
ventions (such as ERK or p38 MAPK pathway inhibitors); this phenomenon may 
enhance sensitivity of tumor cells to CDX-011  [  41  ] .   

   Clinical Trials with CDX-011 

 CDX-011 has been evaluated in two phase I/II clinical trials: one in advanced mela-
noma and one in advanced/metastatic breast cancer  [  42–  47  ] . Enrollment has been 
completed in both trials. 
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   CDX-011 in Melanoma 

 CDX-011 has been evaluated for the treatment of unresectable stage III or IV 
melanoma  [  45  ] . The phase I portion of the study was designed to evaluate safety of 
CDX-011 and to establish the MTD using a standard 3 × 3 dose escalation design at 
several dose schedules; in addition, pharmacokinetic parameters were evaluated. 
The primary objective of the expansion phase II portion of the study was to estimate 
objective response rate; in addition, the phase II portion had secondary objectives 
including toxicity, progression-free survival, stable disease, and immunogenicity. 

 The study enrolled a total of 117 patients, 79 of whom were treated with the 
every 3-week intravenous schedule. Sixty four percent of the patients were male, 
the median age was 62 years, 89% had stage IV disease, and 50% had M1c. The 
median number of prior cancer therapies for metastatic disease was 1 with a range 
of 0–8. Dose-limiting toxicities on the every 3-week schedule included hand-foot 
syndrome, skin rash, erythema multiforme, and neutropenic fever. MTD was estab-
lished at 1.88 mg/kg  [  45  ] . The more frequent dose schedules had more severe dose-
limiting toxicities (epidermal necrolysis, hyperglycemia, acute renal failure, and 
rash) with MTD of 1 mg/kg weekly and 1.5 mg/kg weekly for 2 of 3 weeks, respec-
tively. Treatment-related adverse events of grade 3 severity or greater included rash 
(20%), neutropenia (15%), fatigue (8%), neuropathy (7%), pruritus (3%), diarrhea 
(3%), myalgias, and arthralgias (3% each). Forty two tumor specimens were avail-
able for GPNMB expression analysis; 5/7 patients with M1c disease stained strongly 
positive. The patients with strong GPNMB expression may have enhanced ef fi cacy, 
but patient numbers were small. 

 As seen in Table  12.1 , the objective response rate in the expansion phase of the 
study using the every 3-week dose schedule was 15% (5/34), while 59% of the 
patients achieved clinical bene fi t (partial response or stable disease for at least 12 
weeks)  [  45  ] . The more frequent dosing schedules had similar response rate but 
shorter progression-free survival  [  45  ] . Interestingly, patients who developed rash 
while on treatment did better than those with no rash. For the every 3-week schedule, 

   Table 12.1    Antitumor activity of CDX-011 in metastatic melanoma   
 Dose and schedule of CDX-011  Strong (3+, 90%) 

GPNMB 
expression (n = 7) 

 1.88 mg/kg q3w 
(n = 34) 

 1.5 mg/kg weekly 
x2 q3w (n = 6) 

 1.0 mg/kg 
weekly (n = 15) 

 ORR  5 (15%)  2 (33%)  3 (20%)  2 (29%) 
 PR or SD ³ 12 weeks  20 (59%)  3 (50%)  5 (33%)  6 (86%) 
 Median PFS (months)  3.9  3.0  1.4  4.9 

   ORR  objective response rate (all partial responses),  PR  partial response;  SD  stable disease,  PFS  
progression-free survival  
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the half-life of the antibody drug conjugate increased with dose (range, 16–38 h; 
dosing, 0.03–1.88 mg/kg). The emergence of anti-CDX-011 antibodies was seen in 
approximately 7% of treated patients.   

   CDX-011 in Breast Cancer 

 CDX-011 has also been evaluated in a phase I/II study that enrolled patients with 
advanced/metastatic breast cancer  [  46  ] . The study consisted of a standard 3 + 3 dose 
escalation portion to evaluate the safety of the antibody–drug conjugate and to estab-
lish the MTD, followed by a phase II expansion portion at the MTD to further assess 
safety and ef fi cacy (12-week progression-free rate). Dose escalation proceeded 
through the prede fi ned maximum dose of 1.88 mg/kg (the “phase II dose”). However, 
patients with preexisting grade II or greater neuropathy were excluded from the trial 
because of initial experience with worsening of their neuropathy  [  47  ] . 

 A total of 42 patients were enrolled in the study, including 14 patients enrolled in 
the phase I portion. Patients enrolled in the trial had a median of 7 prior anticancer 
regimens, 83% had liver and/or lung metastasis, 27% were HER2 positive, and 32% 
had triple negative breast cancer. The toxicity pro fi le of the CDX-011 showed 
signi fi cant overlap between the two clinical trials (melanoma and breast cancer)  [  46  ] . 
CDX-011 was well tolerated; treatment-related adverse events  ³  grade 3 severity 
included neutropenia (21%), neuropathy (7%), nausea (5%), vomiting (5%), asthenia 
(5%), fatigue (2%), and rash (5%). Four patients discontinued therapy due to adverse 
events (neuropathy, rash, dermatologic bullae, and acute renal failure). Of the 14 
patients in whom GPNMB expression was evaluated, 10 (71%) were positive. 

 The primary ef fi cacy endpoint of the study was disease progression-free rate at 
12 weeks with 35% of the phase II population achieving the primary ef fi cacy end-
point (Table  12.2 )  [  46  ] . The objective response rate for patients treated at the phase 
II dose (including those treated at 1.88 mg/kg in the dose escalation portion) was 
12%. The response rate among a small number of GPNMB-expressing patients in 
either the stroma or the tumor cells was higher (Table  12.2 ). The progression-free 
survival among the GPNMB-expressing patients was 3.8 months (signi fi cant 
GPNMB stromal expression) and 4.0 months (signi fi cant GPNMB tumor cell 
expression). As listed in Table  12.2 , 7/10 (70%) triple negative breast cancer patients 
had progression-free survival greater than 12 weeks. These triple negative breast 
cancer patients had mean progression-free survival of 4.1 months compared to 2.1 
months for the group as a whole.  

 The activity of CDX-011 in patients with signi fi cant stromal expression of 
GPNMB may be due to both a “bystander effect”, in which MMAE is released from 
the GPNMB-expressing stromal cells, killing neighboring tumor cell populations, 
as well as direct depletion of supporting stromal cells. Both patients with tumor tis-
sue assessed by IHC who achieved con fi rmed objective partial responses showed 
signi fi cant tumor cell and/or stromal expression of GPNMB, and continued on treat-
ment from 27 to 54+ weeks.   
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   Future Directions 

 The preliminary ef fi cacy data of CDX-011 seen in the phase I/II clinical trials 
conducted in metastatic melanoma and breast cancer and the safety pro fi le of the 
antibody–drug conjugate warrant further development of CDX-011 in both tumors 
as a single agent and in combination with other therapeutic modalities. Although the 
data are limited, both trials suggest that expression of GPNMB may be an important 
biomarker for selection of patients for therapy. 

 In breast cancer, a phase II trial of CDX-011 in heavily pretreated, metastatic 
breast cancer patients who are refractory/resistant to chemotherapy has been initi-
ated; the endpoints of the study are overall response rate, duration of response, 
progression-free survival, and overall survival. One hundred and twenty patients 
will be enrolled and their tumors are required to have signi fi cant GPNMB expres-
sion. In addition, preclinical observations provide rationale for combining CDX-
011 with targeted antiangiogenic therapies such as bevacizumab as well as therapies 
targeting the RANK–RANKL pathway such as denosumab (GPNMB was shown to 
promote angiogenesis via upregulation of VEGF expression in the stroma  [  37,   38  ]  
as well as promote the formation of osteolytic metastases in association with 
RANKL  [  20  ] ). 

 Further evaluations in melanoma are being considered, possibly focusing on 
patients with strong tumoral GPNMB expression and/or combination therapy pro-
tocols, such as with ipilimumab. In addition, GPNMB many be an appealing target 
in other malignancies including hepatocellular carcinomas and glioblastomas.      
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 Tumors can arise from healthy tissues due to dysregulation of key cellular pathways 
and abnormal responses to extracellular cues. The cells that comprise a malignant 
tumor bear molecular signatures that can either betray their tissue of origin or result 
from their abnormal physiology. Speci fi cally, tumor cells express surface antigens 
that may be virtually absent from, or have a restricted distribution in, normal tissues. 
Expression of some of these surface antigens, notably growth factor receptors such 
as Met, IGF-1R, VEGF-R, and the ErbB/HER family, may provide a growth or 
survival advantage to the tumor cells  [  1  ] . For other antigens, the reason for their 
selective expression by tumors is much less clear. In either case, the surface antigen 
may represent a molecular address for targeting tumor cells with antibodies 
(a “tumor antigen”). A therapeutic strategy based on this concept uses antibodies 
conjugated to cytotoxic agents to deliver the agents selectively to the tumor cells 
and spare the normal tissues  [  2,   3  ] . This chapter will describe the preclinical devel-
opment strategies, including target validation, in vitro characterization, and linker-
drug impact on in vivo pharmacology and safety considerations of antibody–drug 
conjugates (ADC) targeting the ovarian cancer surface antigen, MUC16. 

 The selection criteria for an ADC target antigen are discussed elsewhere in this 
volume. Brie fl y, the optimal properties include:

    1.    Selective overexpression of the target antigen in tumors versus normal tissues  
    2.    Absence from critical normal tissues  
    3.    Normal physiological function that is not vital or disrupted by antibody binding  
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    4.    Absolute expression levels allowing delivery of cytotoxic doses of ADC-bound 
drugs  

    5.    Plasma membrane expression providing access to the ADC  
    6.    Endocytosis at a rate such that suf fi cient amounts of cytotoxic agent are 

delivered into the cell     

 MUC16 satis fi es many of these criteria. Beyond these considerations, the target anti-
gen should be suf fi ciently immunogenic that one can obtain a panel of speci fi c 
antibodies for lead ADC selection. Historically, ADC targets have been single-pass or 
GPI-anchored targets  [  4  ] , having a relatively large extracellular domain (ECD) that 
can be used as an antigen for antibody production, and MUC16 falls into this group. 
Recent advances in antibody discovery (including phage and yeast display libraries 
and DNA immunization) may facilitate the development of ADCs against polytopic 
membrane proteins (such as G-protein coupled receptors and most transporters). 

 Approximately 10 years ago, we undertook an effort to identify novel tumor 
antigens using transcript pro fi ling. The correlation of transcript and protein levels is 
far from perfect, but overall those genes that are highly transcribed are also 
translated to protein  [  5  ] . Transcript pro fi ling can be performed at a large scale, ana-
lyzing thousands of transcripts across a broad sampling of normal tissues and 
tumors. Another major advantage of transcript pro fi ling is that the target genes need 
not be well characterized, and indeed promising antigens can be identi fi ed in the 
absence of any antibodies or any proteomic analyses. Our pro fi ling of the known 
transcriptome across a wide range of human malignancies and normal tissues 
revealed a number of antigens with selective overexpression in cancers. Among 
these, the overexpression of MUC16 (probe 220196_at) in ovarian cancers was 
notable (Fig.  13.1 ) and consistent with an extensive literature.  

 The gene product now known as MUC16 was initially discovered as the target 
antigen of an antibody, OC125, generated by immunization of mice with a human 
ovarian cancer cell line, OVCA 433  [  6  ] . The antigen recognized by OC125 was 
determined to be a glycoprotein (named “CA125”) that was preferentially detected 
in epithelial ovarian cancers (EOC) and cell lines derived from EOC  [  7–  9  ] . CA125 
was detected both at the surface of cells and in the conditioned medium. In part due 
to the very large size of this antigen, proposed full-length sequences were not 
reported until many years later, when the gene encoding the CA125 antigen was 
described as a mucin, MUC16, characterized by extensive N- and O-linked 
glycosylation but little sequence identity with other mucins  [  10  ] . The consensus 
MUC16 gene (RefSeq NM_024690.2/NP_078966.2) encodes a predicted 14,507 
amino acid polypeptide  [  11–  13  ] ; several full-length sequences have been proposed, 
but the basic organization and properties of these variants are very similar. CA125 
now commonly refers to the ECD of MUC16 that is shed into systemic circulation 
of patients with EOC and various other pathologies; this shed ECD is a frequently 
used marker of EOC progression and response to therapy  [  6,   7,   14  ] . Within the ECD 
is a stretch of at least eleven tandem repeating SEA (sea urchin sperm protein, enter-
okinase, agrin) domains of 154–156 amino acids each; the polypeptide sequence of 
a given SEA repeat domain is approximately 70–90% identical with the sequence of 
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any other SEA repeat domain  [  11,   13  ] . By immunohistochemistry (IHC) analysis 
using commercial reagents, we con fi rmed the selective overexpression of MUC16 
in EOC (for example, >90% of serous EOC, the most common histological subtype) 
as reported in the literature  [  7–  9  ] . We also detected MUC16 expression in a 
signi fi cant fraction of pancreas adenocarcinomas, again consistent with published 
reports  [  15  ] . Surface expression was con fi rmed by  fl ow cytometry using commer-
cially available antibodies. 

 This focus on expression level may yield target antigens that are not “drivers” of 
the cancer, i.e., do not have an indispensible function in carcinogenesis. There exists 
no selective pressure to maintain expression of an antigen that is truly a “passenger” 
on the tumor cell without a vital function. Although CA125 was  fi rst identi fi ed as a 
serum marker for ovarian cancer about 30 years ago, the function of MUC16 in the 
disease is poorly understood. MUC16 expression does not appear to be critical for 
tumor cell growth or survival (in contrast with Her2), but recent reports have impli-
cated MUC16 and/or CA125 in promoting tumor invasion and suppressing 
NK-mediated tumor killing  [  16–  21  ] . Speci fi cally, Manish Patankar and colleagues 

  Fig. 13.1    Micro-array pro fi le of MUC16 transcript across gynecologic malignancies and normal 
tissues.  Green dots  represent MUC16 gene expression in normal tissue;  red dots  represent MUC16 
gene expression in malignant tissue.  Arrow  denotes ovarian tissue       
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have reported that MUC16 or CA125 binds to Siglec-9 expressed on CD16 + /CD56 dim  
NK cells, inducing their conversion by an unknown mechanism into the less 
cytolytic CD16 − /CD56 bright  NK cells  [  16,   17,   20  ] . Alternatively, the same research 
lab has suggested that the engagement of NK cells by MUC16 directly inhibits 
NK-tumor cell “synapse” formation and subsequent NK-mediated cytolysis  [  19  ] . 
Intriguingly, MUC16 has been shown to interact in vitro with mesothelin  [  18 ,  21  ] , 
a cell surface protein that is also overexpressed in epithelial cancers of the ovary 
and pancreas  [  56  ] . This interaction may promote tumor cell invasion or otherwise 
in fl uence tumor–stromal interactions. Hence, MUC16 may not be readily disposed 
of by the tumor. Ideally, preclinical ef fi cacy models will provide an indication of 
whether or not the tumors lose expression of the target antigen as a mechanism of 
resistance to the ADC. 

 While MUC16 function in tumor progression remains incompletely understood, 
the prevalence of this antigen has been exploited through multiple strategies. 
Oregovomab is a mouse monoclonal antibody that binds to circulating CA125 
 [  22–  25  ] . The CA125–oregovomab immune complex is proposed to elicit an immune 
response against the tumor. A similar antibody strategy is represented by abagov-
omab, an anti-idiotypic antibody that is also designed to induce antitumor host 
immunity  [  26,   27  ] . Both of these agents are in advanced clinical studies  [  28,   57  ] . 
The cell surface expression of MUC16, its high prevalence in EOC, and its limited 
expression in normal tissues suggest a great opportunity to develop an ADC target-
ing MUC16-positive cancers. An ADC therapeutic is not designed to disrupt target 
function, but even so, the biology of the antigen must still be considered at some 
level. We and others have found MUC16 expressed in the fallopian tube and ovarian 
surface epithelium and in the epithelia of bronchioles and the cornea  [  8,   29–  32  ] , 
albeit at lower levels than as detected in EOC. It must be assumed that MUC16 has 
a function in normal tissues, and an antibody may adversely in fl uence that function; 
this would have to be determined in the course of safety studies with the appropriate 
models. 

 Two separate panels of antibodies against MUC16 were developed: one directed 
against a portion of the ECD C-terminal to the SEA repeats and the second directed 
against the shed CA125 (presumably comprising most of the ECD, including the 
SEA repeats)  [  33  ] . No antibody on its own exhibited any antitumor activity in vitro 
or in xenograft tumor studies. This result is expected when the target antigen is not 
a driver of cell growth. Alternative mechanisms of antitumor activity, such as anti-
body-dependent cellular cytotoxicity (ADCC), do not apply to cells growing on 
plastic or in soft agar, although ADCC can inhibit tumor growth in immune-
compromised mice. The antibodies appear to be internalized quite slowly, presum-
ably re fl ecting the intrinsic rate of MUC16 endocytosis. When OVCAR-3 cells 
were incubated continuously with the antibodies in immuno- fl uorescent micros-
copy studies, cell surface staining predominated after two hours, and internal vacu-
olar labeling (evidence of antibody internalization and delivery to endosomes) was 
marked only after an overnight incubation. In principle, different antibodies against 
the same target antigen can exhibit different rates of internalization. Given that an 
ADC is designed to deliver a cytotoxic agent inside the cell, an antibody that exhibits 
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rapid internalization might be favored, and there are data to support this preference 
 [  34  ] . However, rapid endocytosis is not a prerequisite for an antibody in the context 
of an ADC; endocytic rate is only one component of cytotoxic drug delivery via 
ADCs. Indeed, rapid internalization may be a consequence of an activity such as 
receptor activation or cross-linking, and such an activity may not be desirable. If 
comparing two antibodies, both speci fi c for the target antigen and having similar 
af fi nities and species cross-reactivities, and not differing in properties such as receptor 
agonism, it is reasonable to select the more rapidly internalizing antibody. With 
suf fi cient cell surface antigen expression levels, a slowly internalizing antibody 
may still be able to deliver suf fi cient drug to produce a therapeutic effect. Inef fi cient 
delivery requires a very potent drug, as discussed elsewhere in this volume. 

 Although the anti-MUC16 antibodies shared certain properties, we expected that 
using different antigens in the two antibody campaigns would yield antibodies 
recognizing different sequences. Each of the MUC16-speci fi c antibodies detected 
the antigen when used to probe Western blots following reducing SDS-PAGE. We 
took advantage of this property to determine the sequences recognized by each 
antibody through expression of different MUC16 fragments. Antibodies from the 
 fi rst panel recognized non-repeating epitopes. Among the  fi rst panel, antibody 
11D10 recognized MUC16 with highest af fi nity and was selected for further 
evaluation. Epitope mapping demonstrated that this antibody bound within an 82 
amino acid sequence C-terminal to the last conserved SEA domain (Fig.  13.2a ); this 
epitope was shared by several other antibodies among the  fi rst panel. Antibody 3A5 
from the second panel recognized a repeating motif within the SEA domains. Using 
constructs with speci fi c deletions and substitutions with alanine (“alanine scan-
ning”), we further de fi ned the residues that are critical for 3A5 binding. Speci fi cally, 
we found that a conserved MxxP motif (where at least one “x” is His or Arg) was 
particularly important for 3A5 binding (Fig.  13.2b, c ). Based on the structure of a 
mouse MUC16 SEA domain  [  35  ] , this sequence forms a “tight turn” between two 
alpha helices. The epitopes of other antibodies from the second panel could not be 
de fi ned, presenting a signi fi cant challenge for ADC development. The major issue 
is that antigen speci fi city is dif fi cult to demonstrate if the epitope is unknown. 
A heavily glycosylated protein such as MUC16 may share so-called “glycotopes” 
with other cell surface proteins that we do not wish to target with an ADC. Both 
11D10 and 3A5 were easily validated as speci fi c antibodies against MUC16. 
Additionally, epitope information is valuable for assessing the species cross-reactivity 
of an antibody in preparation for preclinical testing, particularly in the case of a very 
large protein such as MUC16. Full-length clones of MUC16 do not exist, so the 
ability to focus on a de fi ned sequence greatly facilitated the cloning and expression 
of orthologous rat and cynomolgus monkey sequences. The use of this information 
in preclinical studies is illustrated later in this chapter.  

 In  fl ow cytometry studies, both 11D10 and 3A5 bound to the surface of cells that 
express MUC16, as is required for an ADC strategy; MUC16-negative cells were 
not recognized by these antibodies  [  33  ] . These antibodies could then be used to 
identify cell lines that can serve as models for preclinical studies. The model cell 
lines should have antigen expression levels that are comparable to the levels detected 
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in the target tumors. A risk to using cell lines with atypically high antigen expres-
sion is that the activity of an ADC against such a line may not be relevant to the 
activity against tumors having substantially lower antigen expression. Ovarian can-
cer cells such as OVCAR-3  [  36  ]  and PE01  [  37  ]  express surface MUC16  [  33,   38  ] . 
We were fortunate that both 3A5 and 11D10 proved to be sensitive reagents for IHC 
in paraf fi n-embedded sections, exhibiting staining patterns and distributions that 
were very similar to those obtained using commercially available anti-MUC16 anti-
bodies (Fig.  13.3 )  [  7–  9  ] . We could then show that paraf fi n-embedded pellets of 
OVCAR-3 and PE01 cells stained with intensities similar to ovarian cancer sec-
tions; that is, these cell lines can serve as relevant preclinical models. Xenograft 
tumors derived from these cell lines likewise expressed relevant levels of MUC16.  

 The  fl ow cytometry and IHC studies also revealed that 3A5 detected full-length, 
endogenous MUC16 with a stronger signal than 11D10 by either method (Fig.  13.4 ) 
 [  33  ] . Although the apparent monomeric binding af fi nity of 3A5 is somewhat weaker 

  Fig. 13.2    ( a ) 11D10 binds to a unique epitope of MUC16 and 3A5 binds to a repeating epitope. 
Lysates from 293S cells expressing a partial MUC16 sequence lacking SEA domains (“FL”) and 
successive deletions from the N-terminus of that MUC16 sequence (“ D 58” etc.) were blotted and 
probed with murine 11D10. Loss of 11D10 binding from  D 110 to  D 192 de fi nes the 11D10 epitope. 
( b ) Deletion and mutation constructs were expressed transiently in 293S cells. Conditioned media 
were collected, blotted, and probed with 3A5.  Lane 1 : vector control,  lane 2 : MUC16 ECD;  lanes 
3–6 : successive deletions. Substitution of “QH” in  D 156 ( lane 3 ) with “Q” or “W” ( lanes 7 and 8 ) 
greatly reduces 3A5 binding. Substitution of “W” in  D 312 ( lane 6 ) with “WH” or “QH” ( lanes 9 
and 10 ) restores 3A5 binding. No effect on 11D10 binding following aforementioned deletions or 
substitutions (data not shown). ( c ) Alignment of repeats around the critical residues in the “MxxP” 
motif (in  boxed  area) for 3A5 binding       
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than 11D10, 3A5 can bind multiple times to each MUC16 surface protein; therefore 
more 3A5 than 11D10 binds to a MUC16-expressing ovarian cancer. We demonstrated 
this by  fl ow cytometry using cells expressing recombinant MUC16 constructs lacking 
the 3A5 epitope SEA domain or having a single SEA domain, and cells expressing 
endogenous (presumably full-length) MUC16. 3A5 failed to bind to the most 
truncated form of MUC16 (which was recognized by 11D10); 3A5 and 11D10 gave 
comparable binding to the single-repeat construct; and 3A5 bound much more 
extensively than 11D10 to OVCAR-3 cells. This  fi nding was con fi rmed by ELISA 
using CA125, where the data indicated that 11D10 binds to a single epitope on 
CA125 whereas 3A5 can bind approximately eight times per CA125 molecule. 
Finally, Scatchard binding analyses on OVCAR-3 cells gave similar results  [  33  ] .  

 Since more 3A5 antibodies bind to ovarian cancer cells than 11D10, we expected 
that ADCs using 3A5 would have superior activity. The behavior of antibodies 
in vivo can be in fl uenced by factors that are not assessable in vitro, notably pharma-
cokinetics; a rapidly clearing antibody (for example due to binding shed antigen) 
may not achieve the duration of exposure suf fi cient to inhibit tumor growth. To 
minimize differences in pharmacokinetics, two antibodies must be compared under 
the same format. Both 11D10 and 3A5 were cloned, and human Fc chimeric forms 
of each were expressed and conjugated to auristatins. The auristatins, structurally 
related to dolastatin-10, inhibit cell division by disrupting tubulin polymerization. 
Our colleagues at Seattle Genetics have characterized two auristatins, monomethyl 

  Fig. 13.3    Immunohistochemistical ( IHC ) staining with 3A5 antibody of ovarian adenocarcinoma 
tissue demonstrates speci fi city with staining of epithelial cells ( Brown  ( DAB : 3,3 ¢ -diaminobenzidine) 
stain) and a lack of staining of stromal cells       
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auristatins E and F (MMAE and MMAF), which differ in their membrane permea-
bilities but both can be incorporated into highly active ADCs  [  33,   39  ] . We found 
that ovarian cancer cell lines are generally sensitive to MMAE, as expected given 
the sensitivity of ovarian cancer cell lines to antimitotic drugs in vitro and the high 
initial response rates of ovarian cancers to  fi rst-line chemotherapy with paclitaxel 
and carboplatin (Fig.  13.5 )  [  40,   41  ] . Both 3A5 and 11D10 were conjugated using 
two formats: A protease-labile dipeptide linker attached to MMAE (“MC-VC-
PABC-MMAE”) and a relatively stable alkyl ketone linker attached to MMAF 
(“MC-MMAF”). In both formats, the release of an active agent within the target cell 
is thought to require delivery of the ADC to lysosomes  [  39,   42,   43  ] . Both 3A5 and 
11D10 are transported to lysosomes after internalization (Fig.  13.6 ), with no apparent 
difference in rate.   

  Fig. 13.4    Relative binding of anti-MUC16 3A5 and 11D10 to MUC16 expressed at the surface of 
cells or recombinant MUC16 ECD proteins and differential IHC staining incidence with 11D10 and 
3A5 antibodies. ( a ) Cells expressing MUC16 endogenously (OVCAR-3) or by stable transfection 
(PC3/MUC16TMshort and PC3/MUC16TMlong) were incubated with human Fc chimeric forms of 
antibodies (4 Ag/mL). Relative binding was determined using a  fl uorescent anti-human Fc secondary 
antibody.  Red line , cells labeled with 11D10; green line, cells labeled with 3A5;  black line , cells 
stained only with the  fl uorescent secondary antibody ( Ab );  brown line , PC3 vector control cells 
stained with 11D10 (same plot used in all histograms);  blue line , PC3 vector control cells stained with 
3A5 (same plot used in all histograms) (taken from Chen et al.  [  33  ] ); ( b ) 3A5 antibody labels a higher 
proportion of ovarian cancer tissue samples compared to 11D10 antibody       

 



  Fig. 13.5    Ovarian cancer cell lines are sensitive to free MMAE. Normalized cell proliferation in 
several OVCAR-3 cell lines: OVCAR-3 ( open circles ), OVCAR-429 ( closed circles ), OVCAR-
432 ( closed triangles ), OVCAR-433 ( open triangles ) in the presence of increasing MMAE con-
centrations (0.001–27 nM)       

  Fig. 13.6    ( a ,  b ) 11D10 and 3A5 antibodies delivery to the lysosomes after a 20-h incubation was 
determined using a  fl uorescent antibody against human Fc. Localization of lysosomes was determined 
using a labeled Dextran ( green ) and a  fl uorescent antibody against chimeric IgG. In the pseudo-colored 
images 11D10 and 3A5 are  red , Dextran (lysosome) is  green , and DAPI (nuclei) is  blue . Delivery of 
internalized anti-muc16 to lysosomes of OVCAR-3 cells is indicated by the  yellow color        
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 The 3A5 and 11D10 ADCs were compared in vitro and in vivo using OVCAR-3 
cells. To evaluate the ADCs in a relevant tumor model, OVCAR-3 cells were trans-
duced with  fi re fl y luciferase. These cells were then injected into the peritoneal cav-
ity, where they formed tumors that are reminiscent of human ovarian cancer with 
respect to disease progression, ascites formation, and sites of metastases  [  44  ] . 
Tumor growth and response to ADC dosing were determined by measuring biolu-
minescence after injection of luciferin. When administered to OVCAR-3 cells in 
culture and to OVCAR-3/luciferase intraperitoneal tumors, the 3A5 ADCs (MC-VC-
PABC-MMAE and MC-MMAF) were more ef fi cacious in vitro and in vivo than the 
corresponding 11D10 ADCs  [  33  ] . The ability to bind to a repeating epitope presum-
ably explains the far greater activity of the 3A5-derived ADCs. Indeed, PC3 cells 
engineered to express a truncated MUC16 having equivalent binding to 11D10 and 
3A5 were slightly more sensitive in vitro to the 11D10 ADCs, likely re fl ecting their 
higher af fi nity relative to the 3A5 ADCs  [  33  ] . 

 Although less ef fi cacious, an ADC using 11D10 could still be preferred over a 3A5 
ADC if the 11D10 ADC were much better tolerated. However, pilot safety studies in 
Sprague-Dawley rats showed no advantage of the 11D10 conjugates; indeed, the 3A5 
conjugates were slightly better tolerated. The toxicities (mainly liver function and 
myelosuppression) were the same for the two antibodies. Given its superior ef fi cacy, 
3A5 was selected for anti-MUC16 ADC development. Subsequent studies with 
conjugates of humanized 3A5 have con fi rmed and extended these  fi ndings. 

 As previously mentioned, along with the greater cell surface binding, 3A5 also 
interacts with CA125 to a greater degree than does 11D10. The potential complication 
of shed ECD binding is not peculiar to MUC16; ECD shedding is a common property 
of membrane proteins, including ADC targets such as Her2/ErbB2 and mesothelin 
 [  45,   46  ] . The additional fact that 3A5 can bind multiple times to a single CA125 mol-
ecule prompted us to examine this interaction in greater detail. Levels of CA125 are 
measured using immuno-assays and are expressed in terms of U/mL; it is almost cer-
tain that CA125 cannot be de fi ned as a single molecular entity. In advanced EOC, 
serum CA125 can range from below detection to 10,000 U/mL or higher and correlate 
roughly with MUC16 expression  [  9,   47  ] . Peritoneal CA125 levels can exceed serum 
levels  [  14  ] . It is clear that CA125 potentially could limit the therapeutic effects of an 
anti-MUC16 ADC, through binding the ADC in circulation both to prevent tumor 
targeting and to form an immune complex that may increase ADC toxicities. To assess 
the risk to the 3A5 ADC imposed by CA125, we  fi rst determined how a given U/mL 
level translated to 3A5 binding and immune complex formation. In vitro, co-incuba-
tion of a 3A5 ADC with CA125 shifts the IC 

50
  for cell proliferation (Fig.  13.7 ). Even 

so, maximal inhibition is observed at 1  m g/mL ADC in the presence of 1,000 or 
4,000 U/mL CA125. Direct chromatographic measurement of immune complex for-
mation demonstrated that approximately 80% of the antibody remained free when 
1  m g/mL of 3A5 was mixed with 1,000 U/mL CA125, and approximately 50% of the 
antibody remained free when 0.1  m g/mL of 3A5 was mixed with 1,000 U/mL CA125, 
consistent with the in vitro proliferation  fi ndings  [  44  ] . Since circulating ADC levels 
can remain above 1  m g/mL for several days following administration of a therapeutic 
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dose  [  38  ] , we predict that clinically relevant levels of CA125 would not be suf fi cient to 
compete for 3A5 ADC delivery to tumors.  

 We have further evaluated 3A5 and the ADC in preclinical models where circu-
lating CA125 is generated by peritoneal OVCAR-3 tumors and have observed that 
the antibody can indeed form a complex with CA125 in the blood  [  44  ] . Our data are 
consistent with the immune complex clearing relatively rapidly through the liver. 
Notably, the immune complex was only detected with sub-ef fi cacious 3A5 doses 
(75  m g/kg) or when the complex was formed ex vivo prior to dosing. At ef fi cacious 
dose levels (1–10 mg/kg for an ADC), the immune complex was not detected. 
Again, this result indicates that immune complex formation will probably not limit 
the ability of therapeutic doses of 3A5 ADC to reach the tumor of a patient with 
CA125 levels in the typical range for ovarian cancers. Likely, a small fraction of 
total 3A5 formed immune complexes that were rapidly cleared, making detection 
unfeasible. The bulk of administered 3A5 was well in excess of CA125 binding 
sites and accumulated over time in the tumor compartments. Under these condi-
tions, the pharmacokinetics of total 3A5 were typical of an antibody in mice. We 
assessed the safety liabilities of immune complex formation using a nude rat 
OVCAR-3 xenograft tumor model with circulating CA125  [  33  ] . The 3A5 ADC 
safety  fi ndings were consistent with an irrelevant ADC at the same dose (likely 
related to the cytotoxic component of the ADC) and there were no  fi ndings indica-
tive of organ-speci fi c immune complex deposition at either the low or high dose of 
the 3A5 ADC. Finally, the 3A5 ADCs were potently active in peritoneal OVCAR-3 
xenograft models, albeit with lower levels of circulating CA125. 

  Fig. 13.7    Anti-muc16 ADC demonstrates in vitro potency at effective concentrations in the 
presence of increasing CA125 concentrations. Normalized cell proliferation of OVCAR-3 cells in 
the presence of increasing Anti-muc16 ADC concentrations (0.5–9,000 ng/mL) incubated with 
0 U/mL ( circle ), 62.5 U/mL ( square ), 250 U/mL ( triangle ), 1,000 U/mL ( diamond ), 4,000 U/mL 
( asterisk )       
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 All of these studies suggest that circulating CA125 is not likely to compromise 
the therapeutic value of the 3A5 ADC. However, the course of a xenograft tumor in 
an immune-compromised rodent is very different from the human disease, particu-
larly with respect to antigen shedding and clearance. Since the risk created by 
immune complex formation depends on many variables, including levels of cir-
culating antigen, antibody af fi nity, and ADC dose, the potential impact of ECD 
shedding on ef fi cacy and safety should be evaluated for each target antigen. 

 Following the selection of 3A5 for anti-MUC16 ADC development, the next 
steps would be to understand the therapeutic index for each of the two 3A5 ADC 
candidates (MC-VC-PAB-MMAE and MC-MMAF), by further characterizing the 
ef fi cacy, safety, as well as pharmacokinetics of the ADCs. Following the path of 
antibody selection, the two 3A5 ADC candidates were initially tested for in vitro 
activity against OVCAR-3 cells. As demonstrated in Fig.  13.8 , there is no apparent 
difference between the two linker-drugs ADC candidates when comparing the two 
ADCs in an in vitro potency assay. However, the similarity in potency between the 
MC-VC-PAB-MMAE and MC-MMAF conjugates in the in vitro activity assay did 
not translate into similar ef fi cacies in vivo. Using an OVCAR-3 mammary fat pad 
transplant model (previously described in  [  33  ] ), a single dose of 3A5-VC-MMAE 
demonstrates    tumoristasis at a signi fi cantly lower dose compared to the more stable 
linker drug, MC-MMAF (Fig.  13.9 ). In Chen et al., this improved potency of 
3A5-VC-MMAE compared with 3A5-MC-MMAF was also observed following 
multiple doses. Although we do not know precisely why 3A5-VC-MMAE exhibits 
superior ef fi cacy in vivo, the two ADC formats differ in some important respects. 
Speci fi cally, the primary metabolite of 3A5-VC-MMAE after lysosomal digestion 
is believed to be MMAE, a membrane-permeable molecule that could act on 

  Fig. 13.8    In vitro potencies of MUC16 VC-MMAE and MC-MMAF are comparable. Cell prolif-
eration in OVCAR-3 cells in the presence of increasing concentrations (0.5–9,000 ng/mL) of 
3A5-VC-MMAE ( open circles ), -MC-MMAF ( closed circles ) and 11D10-VC-MMAE ( open 
triangles ), -MC-MMAF ( closed triangles )       
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neighboring cells (the so-called “bystander” effect), whereas 3A5-MC-MMAF is 
metabolized into cysteine-MC-MMAF, a much less membrane-permeable molecule 
 [  48  ] . These  fi ndings highlight some of the limitations of using in vitro potency 
assays to screen or evaluate different linker-drugs.   

 As with any monoclonal antibody therapy, including ADCs, selecting a pharma-
cologically relevant animal species for testing the safety and pharmacokinetics to 
support preclinical testing is vital and can be challenging. For toxicology studies of 
antibodies, the relevant species is/are selected based on anticipated ability to predict 
toxicities in humans, assuming that the toxicological liabilities of the antibody are 
related to its pharmacological activity. In the case of an ADC, the pharmacological 
and toxicological activity of the antibody and cytotoxic agent (in this case, MMAE) 
should be considered. The unconjugated (naked) antibody of an ADC may have 
little or no pharmacological and thus toxicological activity, as is the case with the 
3A5 antibody. Therefore, the most relevant species are simply those that express the 
desired epitope and demonstrate a similar tissue cross-reactivity pro fi le to human 
tissues. For determination of the most relevant species, binding of 3A5 was assessed 
against recombinant MUC16 ECD proteins of rat, cynomolgus monkey, and humans. 
Using surface plasmon resonance-based technology, 3A5 bound to MUC16 ECD 
proteins of all species tested (rat, cynomolgus monkey, and human), suggesting that 
both rat and monkey are relevant binding species. Comparisons of the binding 
af fi nities were also similar between the ADCs and 3A5, suggesting that the 
conjugation of MMAE did not affect the antibody’s binding af fi nity to MUC16. 

 As previously mentioned, the publication of full-length clones of MUC16 greatly 
facilitated the cloning and expression of orthologous rat and cynomolgus monkey 

  Fig. 13.9    In vivo dose ranging study in tumor-bearing mice: 3A5-VC-MMAE was approximately 
8-fold more potent than 3A5-MC-MMAF on dose comparison basis       
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sequences using conventional methods. Comparison of the amino acid residues in 
the cynomolgus monkey and human MUC16 mucin repeats demonstrated that the 
critical 3A5 binding residues were highly conserved across the two species. In com-
parison, the rat ortholog demonstrated lower sequence homology to human across 
these conserved muc16-binding regions (Fig.  13.10 ). Therefore, on the basis of 
these data, the cynomolgus was considered the more pharmacologically relevant 
species, despite both rat and cynomolgus monkey demonstrating binding to 3A5.  

 Finally, understanding the expression of the antigen distribution in different tis-
sues is also of importance in providing an integrated evaluation of safety  fi ndings. 
Comparison of MUC16 tissue expression between cynomolgus monkey and human 
tissues was conducted by immunohistochemical staining using 3A5; the expression 
of MUC16 in cynomolgus monkey tissues was similar to expression in human tis-
sues, with no notable differences in MUC16 expression  [  33  ] . 

 Using the cynomolgus monkey as a model, the next step was to determine which 
linker-drug would be better tolerated. However, prior to initiating any tolerability 
and safety studies, it is also important to consider the implications of the linker 
stability and pharmacokinetics between these two linker-drugs: 3A5-VC-MMAE 
AND 3A5-MC-MMAF. The impact of in vivo linker stability on ef fi cacy and toler-
ability of ADCs has been well established  [  49,   50  ] . Early versions of reducible 
disul fi de and acid-labile hydrazone linkers had signi fi cant liabilities with unin-
tended cleavage of the linkers at nontarget sites  [  51  ] . As a result, linker-drugs have 
been developed to balance stability in circulation and enzymatic lability at the site 
of action, of which the “VC-MMAE” and “MC-MMAF” are two linker-drug coun-
terweights in this delicate balance. The “VC-MMAE” linker-drug, as noted previ-
ously, is considered an enzymatically “cleavable” linker and free MMAE is released 
by intracellular proteases such as cathepsin B  [  42,   52  ] . Conversely, the “MC-MMAF” 
linker is chemically stable, and does not release free MMAF, but rather releases 
“cys-MC-MMAF” through degradation of the monoclonal antibody  [  39  ] . However, 
despite these differences, the pharmacokinetics of both the “VC-MMAE” and 
“MC-MMAF” ADCs were bi-exponential and demonstrated expected monoclonal 
antibody pharmacokinetic behavior as characterized by limited distribution and 
relatively slow clearance  [  48,   53  ] . 

  Fig. 13.10    Critical 3A5 binding residues are conserved in MUC16 mucin repeats. Comparison of 
rat, cynomolgus monkey, and human 3A5 binding residues.  Boxed  amino acids denote locations in 
which 3A5 binding is reduced when changed to an alanine       
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 ADC linker-drug selection will have speci fi c importance in the tolerability of the 
different ADCs. The more enzymatically labile linker-drugs may have the tendency 
to release the potent free drug at nontarget sites, and thus may be more toxic, on a 
dose-based comparison with the enzymatically stable linker-drugs. In one report, the 
enzymatically labile linker-drug conjugated with MMAF attained an MTD of 50 and 
15 mg/kg in mice and rats, respectively, while MMAF conjugated with the stable 
“MC” linker attained a three- and  fi vefold higher MTD in mice and rats, respectively 
 [  39  ] . Similarly, at equivalent doses of approximately 20 mg/kg of an anti-CD22 
“VC-MMAE” and “MC-MMAF”, the “VC-MMAE” linker-drug had identi fi able 
hepatic and hematologic toxicities in rats administered a single IV dose, while the 
more stable linker appeared to be better tolerated  [  34  ] . With the cynomolgus monkey 
identi fi ed as the most pharmacologically relevant species, a multiple-dose safety/
tolerability study was conducted with 3A5-VC-MMAE and 3A5-MC-MMAF. In the 
study, cynomolgus monkeys were administered intravenously two doses every 3 
weeks of 3A5-VC-MMAE or 3A5-MC-MMAF. Given the observed lower potency, 
the doses of 3A5-MC-MMAF were markedly higher at approximately 20 and 40 mg/
kg, while 3A5-VC-MMAE was administered at approximately sixfold lower doses, 
3 and 6 mg/kg. As expected, for the auristatin conjugates (both MMAE and MMAF), 
there was reversible myelotoxicity to varying degrees at the different doses. At the 
high dose of 3A5-VC-MMAE, an apparent transient decrease in the neutrophils was 
observed, while at the lower dose, the decrease was less demonstrative (Fig.  13.11 ). 
A similar trend was noted with the doses of 3A5-MC-MMAF; however, the magni-
tude was not as signi fi cant compared to the 3A5-VC-MMAE conjugates (Fig.  13.11 ). 
The more pronounced myelotoxicity in the 3A5-VC-MMAE is consistent with the 

  Fig. 13.11    Changes in neutropenia over time following two doses of 3A5 ADCs every 3 weeks in 
cynomolgus monkeys.  Arrows  denote approximate dosing days.  A , acclimation period (i.e. prior to 
 fi rst dose of ADC).  D , day based on initial administration of ADC on Day 1       
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known toxicities of MMAE and the enzymatic lability of the linker  [  54,   55  ] . The 
myelotoxicity is most likely an antigen-independent toxicity, as MUC16 is not 
expressed on granulocytes  [  33  ] . No other notable drug-related toxicity  fi ndings were 
observed with the 3A5-VC-MMAE conjugates.  

 Beyond the myelotoxicity, the primary toxicity observed with the 3A5-MC-
MMAF conjugate was liver toxicity as evidenced by a sustained and cumulative 
elevation of serum aspartate transaminase levels at both doses (Fig.  13.12 ). Increases 
in serum gamma-glutamyltransferase, serum chemistry marker of hepatic impairment, 
were also noted at both doses of 3A5-MC-MMAF (data not shown). These serum 
chemistry alterations correlated to histologic  fi ndings in the liver. By comparison, 
3A5-VC-MMAE did not demonstrate any apparent liver toxicity at either dose 
(Fig.  13.12 ). These safety  fi ndings in the monkey were not confounded by any 
detectable host immune response to the 3A5 drug conjugates.  

 Thus following  fi nal selection of the antibody, 3A5, determination of the linker-
drug was based upon the same criteria used in the development of any new molecular 
entity, that is, a balance of the ef fi cacy and toxicity of each linker-drug. For 
VC-MMAE, although the linker-drug appeared to have more notable, although 
transient, neutropenia, the VC-MMAE linker-drug was also signi fi cantly more 
potent in ef fi cacy models, with tumoristasis observed at a single dose of 3 mg/kg. 
Conversely, the MC-MMAF linker-drug safety pro fi le included both neutropenia 
(up to approximately 40 mg/kg) and hepatotoxicity, and was signi fi cantly less potent 
in ef fi cacy models (tumoristasis was apparent 24 mg/kg at a both single dose) than 
VC-MMAE. Lastly it should be noted that understanding and comparing the poten-
cies of different linker-drugs likely entail comparisons based on their exposures 

  Fig. 13.12    Changes in aspartate transaminase ( AST ) over time following two doses of 3A5 ADCs 
every 3 weeks in cynomolgus monkeys.  Arrows  denote approximate dosing days.  A , acclimation 
period (i.e., prior to  fi rst dose of ADC).  D , day based on initial administration of ADC on Day 1       
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rather than strictly a dose-based comparison. However, for the MUC16 conjugates 
exposure-based comparisons did not facilitate any greater delineation between 
linker-drugs as other aforementioned factors had greater in fl uence. 

 The MUC16 example illustrates the potential of the ADC strategy to target a 
well-validated antigen. The overexpression of MUC16 in ovarian cancer has long 
been appreciated and was readily con fi rmed using straightforward mRNA expres-
sion pro fi ling. However, a more careful consideration of the MUC16 protein struc-
ture was required for the identi fi cation of an antibody that could mediate cell killing 
in relevant models. In vitro data were decisive for selection of the antibody, but we 
evaluated the speci fi c ADC formats based on both ef fi cacy and safety in vivo. 
Furthermore, we developed in vitro and in vivo models to investigate the potential 
impact of ECD shedding, an issue that is perhaps apparent for, but not exclusive to, 
MUC16. In summary, each step along the preclinical path for MUC16 ADC devel-
opment has required us to identify the right tools to answer the right questions.     

   References 

    1.    Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell 100(1):57–70  
    2.    Carter PJ, Senter PD (2008) Antibody-drug conjugates for cancer therapy. Cancer J 14(3):

154–169  
    3.    Senter PD (2009) Potent antibody drug conjugates for cancer therapy. Curr Opin Chem Biol 

13(3):235–244  
    4.    Teicher BA (2009) Antibody-drug conjugate targets. Curr Cancer Drug Targets 9(8):982–1004  
    5.    Greenbaum D, Colangelo C, Williams K et al (2003) Comparing protein abundance and 

mRNA expression levels on a genomic scale. Genome Biol 4(9):117  
    6.    Bast RC Jr, Feeney M, Lazarua H et al (1981) Reactivity of a monoclonal antibody with 

human ovarian carcinoma. J Clin Invest 68:1331–1337  
    7.    Høgdall EVS, Christensen L, Kjaer SK et al (2007) CA125 expression pattern, prognosis and 

correlation with serum CA125 in ovarian tumor patients. Gynecol Oncol 104(3):508–515  
    8.    Kabawat SE, Bast RC, Welch WR et al (1983) Immunopathologic characterization of a mono-

clo- nal antibody that recognizes common surface antigens of human ovarian tumors of serous, 
endometrioid, and clear cell types. Am J Clin Pathol 79:98–104  

    9.    Rosen DG, Wang L, Atkinson JN et al (2005) Potential markers that complement expression 
of CA125 in epithelial ovarian cancer. Gynecol Oncol 99(2):267–277  

    10.    Dekker J, Rossen JWA, Buller HA et al (2002) The MUC family: an obituary. Trends Biochem 
Sci 27(3):126–131  

    11.    O’Brien TJ, Beard JB, Underwood LJ et al (2002) The CA 125 gene: a newly discovered 
extension of the glycosylated N-terminal domain doubles the size of this extracellular super-
structure. Tumor Biol 23:154–169  

    12.    Yin BWT, Lloyd KO (2001) Molecular cloning of the CA125 ovarian cancer antigen: 
identi fi cation as a new mucin, MUC16. J Biol Chem 276:27371–27375  

    13.    Yin BWT, Dnistrian A, Lloyd KO (2002) Ovarian cancer antigen CA125 is encoded by the 
MUC16 mucin gene. Int J Cancer 98:737–740  

    14.    Hunter VJ, Weinberg JB, Haney AF et al (1990) CA 125 in peritoneal  fl uid and serum from 
patients with benign gynecologic conditions and ovarian cancer. Gynecol Oncol 
36(2):161–165  

    15.    Macdonald F, Downing R, Allum WH (1988) Expression of CA125 in pancreatic carcinoma 
and chronic pancreatitis. Br J Cancer 58(4):505–506  



238 D. Leipold and W.G. Mallet

    16.    Belisle JA, Gubbels JAA, Raphael CA et al (2007) Peritoneal natural killer cells from epithelial 
ovarian cancer patients show an altered phenotype and bind to the tumour marker MUC16 
(CA125). Immunology 122(3):418–429  

    17.    Belisle JA, Horibata S, Gubbels JAA et al (2010) Identi fi cation of Siglec-9 as the receptor for 
MUC16 on human NK cells, B cells, and monocytes. Mol Cancer 9(1):118  

    18.    Gubbels JAA, Belisle J, Onda M et al (2006) Mesothelin-MUC16 binding is a high af fi nity, 
N-glycan dependent interaction that facilitates peritoneal metastasis of ovarian tumors. Mol 
Cancer 5(1):50  

    19.    Gubbels JA, Felder M, Horibata S et al (2010) MUC16 provides immune protection by inhibit-
ing synapse formation between NK and ovarian tumor cells. Mol Cancer 9(1):11  

    20.    Patankar M, Jing Y, Morrison J et al (2005) Potent suppression of natural killer cell response 
mediated by the ovarian tumor marker CA125. Gynecol Oncol 99(3):704–713  

    21.    Rump A, Morikawa Y, Tanaka M et al (2004) Binding of ovarian cancer antigen CA125/
MUC16 to mesothelin mediates cell adhesion. J Biol Chem 279(10):9190–9198  

    22.    Berek JS, Taylor PT, Gordon A et al (2004) Randomized, placebo-controlled study of oregov-
omab for consolidation of clinical remission in patients with advanced ovarian cancer. J Clin 
Oncol 22:3507–3516  

    23.    Berek J, Taylor P, McGuire W, Smith L, Schultes B, Nicodemus C (2009) Oregovomab main-
tenance monoimmunotherapy does not improve outcomes in advanced ovarian cancer. J Clin 
Oncol 27:418–425  

    24.    Ehlen TG, Hoskins PJ, Miller D et al (2005) A pilot phase 2 study of oregovomab murine 
monoclonal antibody to CA125 as an immunotherapeutic agent for recurrent ovarian cancer. 
Int J Gynecol Cancer 15(6):1023–1034  

    25.    Schultes BC, Baum RP, Niesen A et al (1998) Anti-idiotype induction therapy: anti-CA125 
antibodies (Ab3) mediated tumor killing in patients treated with Ovarex mAb B43.13 (Ab1). 
Cancer Immunol Immunother 46(4):201–212  

    26.    Reinartz S, Kohler S, Schlebusch H et al (2004) Vaccina- tion of patients with advanced ovar-
ian carcinoma with the anti-idiotype ACA125: immunological response and survival (phase 
Ib/II). Clin Cancer Res 10:1580–1587  

    27.    Sabbatini P, Dupont J, Aghajanian C et al (2006) Phase I study of abagovomab in patients with 
epithelial ovarian, fallopian tube, or primary peritoneal cancer. Clin Cancer Res 12(18):
5503–5510  

    28.    Oei AL, Sweep FC, Thomas CMG et al (2008) The use of monoclonal antibodies for the treat-
ment of epithelial ovarian cancer. Int J Oncol 32:1145–1157  

    29.    Argüeso P, Spurr-Michaud S, Russo CL, Tisdale A, Gipson IK (2003) MUC16 mucin is 
expressed by the human ocular surface epithelia and carries the H185 carbohydrate epitope. 
Invest Ophthalmol Vis Sci 44:2487–2495  

    30.    Nouwen EJ, Pollet DE, Eerdekens MW et al (1986) Immunohistochemical localization of 
placental alkaline phosphatase, carcinoembryonic antigen, and cancer antigen 125 in normal 
and neoplastic human lung. Cancer Res 46(2):866–876  

    31.    Nouwen EJ, Hendrix PG, Dauwe S, Eerdekens MW, De Broe ME (1987) Tumor markers in the 
human ovary and its neoplasms. A comparative immunohistochemical study. Am J Pathol 
126:230–242  

    32.    Nouwen EJ, Dauwe S, De Broe ME (1990) Occurrence of the mucinous differentiation antigen 
CA125 in genital tract and conductive airway epithelia of diverse mammalian species (rabbit, 
dog, monkey). Differentiation 45:192–198  

    33.    Chen Y, Clark S, Wong T et al (2007) Armed antibodies targeting the mucin repeats of the 
ovarian cancer antigen, MUC16, are highly ef fi cacious in animal tumor models. Cancer Res 
67(10):4924–4932  

    34.    Polson AG, Calemine-Fenaux J, Chan P et al (2009) Antibody-drug conjugates for the treatment 
of non-hodgkin’s lymphoma: target and linker-drug selection. Cancer Res 69(6):2358–2364  

    35.    Maeda T, Inoue M, Koshiba S et al (2004) Solution structure of the SEA domain from the 
murine homologue of ovarian cancer antigen CA125 (MUC16). J Biol Chem 279:
13174–13182  



23913 Case Study: An Antibody–Drug Conjugate Targeting MUC16 for Ovarian Cancer

    36.    Hamilton TC, Young RC, McKoy WM et al (1983) Characterization of a human ovarian 
carcinoma cell line (NIH:OVCAR-3) with androgen and estrogen receptors. Cancer Res 
43(11):5379–5389  

    37.    Langdon SP, Lawrie SS, Hay FG, Hawkes MM, Mcdonald A, Hayward IP, Schol DJ, Leonard 
RCF, Smyth JF (1988) Characterization and properties of nine human ovarian adenocarcinoma 
cell lines. Cancer Res 48:6166–6172  

    38.    Junutula JR, Raab H, Clark S et al (2008) Site-speci fi c conjugation of a cytotoxic drug to an 
antibody improves the therapeutic index. Nat Biotechnol 26(8):925–932  

    39.    Doronina SO, Mendelsohn BA, Bovee TD et al (2006) Enhanced activity of monomethylau-
ristatin F through monoclonal antibody delivery: effects of linker technology on ef fi cacy and 
toxicity. Bioconjug Chem 17(1):114–124  

    40.    McGuire WP, Markman M (2003) Primary ovarian cancer chemotherapy: current standards of 
care. Br J Cancer 89:S3–S8  

    41.    Smith JA, Ngo H, Martin MC, Wolf JK (2005) An evaluation of cytotoxicity of the taxane and 
platinum agents combination treatment in a panel of human ovarian carcinoma cell lines. 
Gynecol Oncol 98(1):141–145  

    42.    Doronina SO, Toki BE, Torgov MY et al (2003) Development of potent monoclonal antibody 
auristatin conjugates for cancer therapy. Nat Biotechnol 21(7):778–784  

    43.    Okeley NM, Miyamoto JB, Zhang X et al (2010) Intracellular activation of SGN-35, a potent 
anti-CD30 antibody-drug conjugate. Clin Cancer Res 16(3):888–897  

    44.    Pastuskovas CV, Mallet W, Clark S et al (2010) Effect of immune complex formation on the 
distribution of a novel antibody to the ovarian tumor antigen CA125. Drug Metab Dispos 
38(12):2309–2319  

    45.    Hassan R, Remaley AT, Sampson ML et al (2006) Detection and quantitation of serum meso-
thelin, a tumor marker for patients with mesothelioma and ovarian cancer. Clin Cancer Res 
12(2):447–453  

    46.    Mehta RR, McDermott JH, Heiken TJ, Marler KC, Patel MK, Wild LD et al (1998) Plasma 
c-erbB-2 levels in breast cancer patients: prognostic signi fi cance in predicting response to 
chemotherapy. J Clin Oncol 16:2409–2416  

    47.    Bast RC Jr, Klug TL, StJohn E, Jenison E, Niloff JM, Lazarus H, Berkowitz RS, Leavitt T, 
Grif fi ths CT, Parker L, Zurawski VR Jr, Knapp RC (1983) A radioimmunoassay using a mono-
clonal antibody to monitor the course of epithelial ovarian cancer. N Engl J Med 
309:883–887  

    48.    Alley SC, Zhang X, Okeley NM et al (2009) The pharmacologic basis for antibody-auristatin 
conjugate activity. J Pharmacol Exp Ther 330(3):932–938  

    49.    Alley SC, Benjamin DR, Jeffrey SC et al (2008) Contribution of linker stability to the activi-
ties of anticancer immunoconjugates. Bioconjug Chem 19(3):759–765  

    50.    Dosio F, Brusa P, Cattel L (2011) immunotoxins and anticancer drug conjugate assemblies: the 
role of the linkage between components. Toxins 3(7):848–883  

    51.    Thorpe PE, Wallace PM, Knowles PP et al (1987) New coupling agents for the synthesis of 
immunotoxins containing a hindered disul fi de bond with improved stability in vivo. Cancer 
Res 47(22):5924–5931  

    52.    Francisco JA (2003) cAC10-vcMMAE, an anti-CD30-monomethyl auristatin E conjugate 
with potent and selective antitumor activity. Blood 102(4):1458–1465  

    53.    Sanderson RJ, Hering MA, James SF et al (2005) In vivo drug-linker stability of an anti-CD30 
dipeptide-linked auristatin immunoconjugate. Clin Cancer Res 11(2 Pt 1):843–852  

    54.    Mirsalis JC, Schindler-Horvat J, Hill JR et al (1999) Toxicity of dolastatin 10 in mice, rats and 
dogs and its clinical relevance. Cancer Chemother Pharmacol 44(5):395–402  

    55.    Younes A, Bartlett NL, Leonard JP et al (2010) Brentuximab vedotin (SGN-35) for relapsed 
CD30-positive lymphomas. N Engl J Med 363(19):1812–1821  

    56.    Frierson HF, Jr et al (2003) Large-scale molecular and tissue microarray analysis of mesothelin 
expression in common human carcinomas. Human Pathology 34:605–609  

    57.    Frederick PJ, Straughn JM, Jr, Alvarez RD et al (2009) Preclinical studies and clinical utilization 
of monoclonal antibodies in epithelial ovarian cancer. Gynecologic Oncology 113:384–390      



241G.L. Phillips (ed.), Antibody-Drug Conjugates and Immunotoxins: From Pre-Clinical 
Development to Therapeutic Applications, Cancer Drug Discovery and Development,
DOI 10.1007/978-1-4614-5456-4_14, © Springer Science+Business Media New York 2013

   Introduction to the Eph Family of Receptors 

 Eph (erythropoietin-producing hepatocellular) family receptors represent the largest 
family of the receptor tyrosine kinases (RTKs). In humans, it consists of 16 mem-
bers which, based on sequence homologies of the extracellular domains (ECD) and 
ligand-binding preferences, are divided into two subfamilies: EphA subclass 
(EphA1-10) and EphB subclass (EphB1-6)  [  1,   2  ] . 

 As shown in Fig.  14.1  all Eph receptors share the same overall structural organi-
zation: Ligand-binding domain is located on the N-terminus of the ECD, which is 
followed by a cysteine-rich domain and two  fi bronectin-type III repeats. On the 
cytoplasmic side, Eph receptors consist of a tyrosine kinase domain immediately 
following the juxtamembrane region. A sterile-alpha-motif (SAM) domain and a 
PDZ-binding motif are located to the C-terminus of the kinase domain.  

 The ligands of the Eph receptors are called Ephrins and consist of eight members 
in humans. They are also classi fi ed into two subfamilies, EphrinA (1–5) and EphrinB 
(1–3). Both subfamilies are anchored to the plasma membranes, but EphrinAs are 
attached through a GPI linker whereas EphrinBs are anchored through a transmem-
brane domain  [  3,   4  ] . One unique feature of the Ephrin ligands is that besides stimu-
lating receptors leading to downstream pathway activation in Eph-expressing cells 
(forward-signaling pathway), Eph binding can also trigger a reverse-signaling path-
way into Ephrin-expressing cells. EphrinB ligands contain cytoplasmic tails with 
conserved motifs implicated in several intracellular signaling pathways. It is not 
clear whether or not EphrinA ligands can sustain reverse signaling as they lack 
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cytoplasmic domains. Another salient feature of Ephrins is that some level of 
clustering of soluble ligands, such as dimerization through Fc-fusion, or membrane 
anchoring is required to achieve optimal stimulation effects  [  4–  6  ] . 

 EphrinAs usually interact with EphAs whereas EphrinBs normally bind to 
EphBs, but this rule is not absolute. Some promiscuity has been observed in terms 
of certain EphrinA ligands binding to EphBs: EphrinA5 binds to EphB2 in addition 
to EphAs  [  7  ] . Also, within each ligand–receptor class, the pairings could be highly 
promiscuous  [  8  ] . 

 Expressions of Ephs and ephrins are developmentally regulated: highly expressed 
during embryonic stages and development but generally at lower levels in normal 
adult tissues  [  9,   10  ] . The most established functions of Eph/Ephrins in normal physi-
ology involve pathway selection by axons, the guidance of cell migration, the estab-
lishment of regional pattern in the nervous system, formation and remodeling of 
synaptic connections, and nervous system repair  [  9,   11  ] . Consistent with these roles, 
the Ephrin/Eph interaction is known to mediate cell–cell repulsion, regulate and 
restrict cell migration, and de fi ne clear boundaries between different anatomical com-
partments in developing organs such as brains or cardiovascular systems  [  11,   12  ] . 

 Even though Ephs belong to the RTK superfamily, they have a unique bi-
functionality that is not often seen with other RTKs. RTKs usually act as oncogenes 
to promote the tumorigenic processes through induction of Ras/MEK/ERK or PI3K/
AKT pathways. In contrast, many Eph receptors have been shown to play dichoto-
mous roles to both promote and suppress oncogenesis in different cellular contexts. 

Ligand binding domain

Cysteine-rich domain

Fibronectin type III repeats

Kinase domain

Sterile Alpha Motif domain

PDZ-binding motif

Ephrin A

P

EphA2

  Fig. 14.1    Structural features 
of EphA2 receptor tyrosine 
kinase       
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EphB2 was found to act as a tumor suppressor in prostate  [  13,   14  ]  and colorectal 
cancers  [  15–  17  ] , potentially as a result of its ability to inhibit the Ras/MEK pathway 
 [  18  ] . In contrast, EphB2 is overexpressed in several solid tumors and promote the 
invasion and growth of glioblastoma cells through activation of the R-Ras pathway  [  19, 
  20  ] . EphB4, a close homolog of EphB2, can be overexpressed and contribute to 
tumorigenesis in colorectal and ovarian cancers  [  21,   22  ] , but suppresses mammary 
carcinogenesis through Abl/Crk pathway  [  23  ] . Additionally, our unpublished data 
indicate that EphB4 activation may show antiangiogenic effect by suppressing the 
growth of endothelial cells (Xiao unpublished data).  

   EphA2 

 EphA2 was initially cloned in 1990 by the screening of a human epithelial cancer 
cell line (Hela cells) cDNA library using degenerate probes to highly conserved 
regions of protein tyrosine kinases and represents the second Eph family member to 
be cloned after EphA1. In the human genome, the EphA2 gene is located on chro-
mosome 1 and encodes a RTK of 976 amino acids with an apparent molecular 
weight of 130–150 kDa and 90% sequence identity to the mouse EphA2. The over-
all sequence homology with other Ephs is 25–35%, but the tyrosine kinase domain 
shows the highest local sequence homology  [  24,   25  ] . 

 Genetic deletion of EphA2 in mouse does not cause any overt abnormalities. The 
mice are fertile, develop, and grow normally  [  16,   17,   26  ] . This was attributed to 
potential functional overlap or redundancy among the Eph family members. But 
EphA2 deletion led to markedly enhanced susceptibility to chemical-induced skin 
carcinogenesis. EphA2-null mice developed skin tumors with an increased fre-
quency and shortened latency. Moreover, these tumors grew faster and were twice 
as likely to show invasive malignant progression  [  16,   17  ] . 

 EphA2 shows a highly controlled expression pattern in embryogenesis and early 
stages of development. Its transcripts are  fi rst detected in gastrulation stage embryos 
(6.5–7.5 days post coitum) in ectodermal cells adjacent to the distal region of the 
primitive streak. Later on EphA2 exhibits a dynamic and spatially restricted expres-
sion pattern in the prospective hindbrain region. By the 10-somite stage, EphA2 
mRNA in these cells is downregulated  [  25  ] . A later study con fi rmed these  fi ndings 
by showing that EphA2 was expressed in blastocyst and later restricted to the primi-
tive streak, node, and to regions of the hindbrain in 6.5- to 10.5-day embryos  [  26  ] . 
These observations suggest that EphA2 may be involved in cell–cell interactions 
guiding early hindbrain development. 

 EphA2 mRNA levels have been analyzed in adult human tissues using Northern 
blot. High expression was con fi ned to several epithelial tissues with relatively high 
proliferation rate such as skin, colon, lung, ovary, and bladder. EphA2 mRNA was 
detectable in kidney, brain, spleen, and submaxillary gland, but was present at very 
low levels in heart, skeletal muscle, liver, testes, and thymus  [  24  ] . An independent 
study using qRT-PCR revealed similar  fi ndings  [  10  ] . However, the EphA2 protein 
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expression, as assessed by IHC, may be disconnected from the RNA pro fi le: 
Although kidney only has modest RNA expression, it showed the strongest staining 
in EphA2 IHC. Tissues with the highest RNA levels, such as lung or colon, only 
showed relatively light staining  [  24  ] . Therefore there exists a nonlinear relationship 
between mRNA and protein levels for EphA2. 

 In contrast to its limited expression patterns in normal tissues, EphA2 has been 
found to be overexpressed in a vast majority of solid tumor types, in both cell lines 
and primary tumor samples, at both the mRNA and protein levels: breast, prostate, 
ovarian, glioblastoma, pancreas, renal, lung, melanoma, gastric, bladder, colorectal, 
and esophageal cancers. (For general review, see  [  27,   28  ] .) The extents of EphA2 
overexpression are especially impressive in prostate cancers (85%  [  29  ] ), ovarian 
cancers (76%  [  30  ] ), pancreatic cancers (95%  [  31  ] ), and glioblastoma mutiformae 
(61%  [  32  ] ). 

 In addition to the wide tumor overexpression pattern, EphA2 has been estab-
lished as a prognostic marker for increased invasion and metastasis, and decreased 
survival in a majority of these tumor types: in prostate cancer, EphA2 is overex-
pressed more in metastatic than noninvasive cells  [  29,   33  ] ; in breast cancer ,  EphA2 
is highly upregulated in more invasive and tumorigenic breast cancer cells  [  34  ] ; in 
lung cancer, high levels of EphA2 predict shorter survival and brain metastases 
 [  35  ] ; in esophageal cancer, EphA2 expression is correlated with lymph node metas-
tasis and poor survival rates  [  36  ] ; in ovarian cancer, EphA2 overexpression is 
signi fi cantly associated with higher grade, advanced disease stage, and shorter sur-
vival  [  30,   37  ] ; in melanoma, EphA2 is expressed and phosphorylated speci fi cally in 
aggressive metastatic melanoma cells and functions in vasculogenic mimicry  [  38  ] ; 
and in GBM, increased EphA2 expression is signi fi cantly associated with poor sur-
vival and adverse patient outcome  [  39  ] . All these results strongly indicate that 
EphA2 plays functional roles in these tumors. 

 Furthermore, ectopic expression of EphA2 in MCF10A normal mammary epi-
thelial cells induced malignant transformation  [  40  ] . Conversely, overexpression of 
a kinase-de fi cient and hence dominant-negative EphA2 with cytoplasmic domain 
deletion suppressed the growth of 4 T1 breast cancer cells  [  41  ] . Combined, these 
lines of evidence suggest that EphA2 may qualify as an attractive cancer target 
whose inhibition may confer anti-solid-tumor effects.  

   Therapeutic Targeting of EphA2 

   Small Molecule Tyrosine Kinase Inhibitors 

 Tyrosine kinase activity is essential to the oncogenic capacity of RTKs; therefore, 
tyrosine kinase inhibitors (TKIs) could be an ef fi cient way to suppress EphA2 activ-
ity and achieve antitumor activity. Dasatinib, an orally active TKI developed to tar-
get multiple kinases including the Bcr-abl and Src family kinases, also inhibits 
EphA2 tyrosine kinase activity. Consequently, treating breast cancer cells in vitro 
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with dasatinib reduced EphA2 expression, phosphorylation, and associated kinase 
activity  [  42  ] . However, due to its rather promiscuous nature and inhibition of a wide 
range of kinase targets, extreme caution should be taken when assigning the potent 
in vitro/in vivo antitumor ef fi cacy of dasatinib to its inhibition of EphA2. Other 
TKIs have been developed to target EphA2, but like dasatinib they are not highly 
selective inhibitors.  

   EphA2-Targeted Peptides 

 Two related peptides, YSA and SWL, have been identi fi ed that selectively bind the 
ligand-binding domain of EphA2, but not other Eph receptors. Consequently, both 
peptides behave as ligand mimetic in activating EphA2 and inhibiting downstream 
oncogenic signaling pathways in PC3 cancer cells. The two peptides are quite stable 
in conditioned cell culture medium and show promise for delivering drugs and 
imaging agents to EphA2-expressing tumors  [  43  ] .  

   Monoclonal Antibodies 

 Monoclonal antibodies (mAb) can be generated against the ECD of EphA2 by either 
immunizing mice with recombinant ECD protein or phage-panning against ECD 
protein  [  44  ] . The mAb leads were selected based on the ability to inhibit metastatic 
properties of the cancer cells while minimizing damage to nontransformed cells. 
The mAbs were found to inhibit the soft agar colonization by the highly metastatic 
MDA-MB-231 breast cancer cells, but did not affect monolayer growth by non-
transformed MCF-10A breast epithelial cells. They also prevented tumor cells from 
forming tubular networks on reconstituted basement membranes, a key indicator of 
metastatic character. The proposed mechanism of action involves mAb induction of 
EphA2 phosphorylation and followed by internalization and subsequent degrada-
tion, similar to antitumor effect achieved by antisense RNA of EphA2  [  44  ] . 

 Another commercially developed EphA2 mAb, 1C1, failed to confer substantial 
antitumor effect in monotherapy setting. However, 1C1 showed synergistic interac-
tion with the HER2 mAb trastuzumab in abrogating resistance of HER2-ampli fi ed 
breast cancers to this drug  [  45  ] . This  fi nding is consistent with the preferential over-
expression of EphA2 in trastuzumab-resistant cancers. However, other studies have 
suggested that stimulation of EphA2 results in activation of FAK and has no effect 
on in vivo tumor growth  [  46  ] . These discrepancies make the functional signi fi cance 
of EphA2 in tumor progression unclear, such that the development path for tradi-
tional therapeutic antibody approaches may be challenging. 

 Alternatively, selective targeting and potent suppression of tumor growth was 
achieved using an EphA2/CD3 bi-speci fi c single-chain antibody construct  [  47  ] . An 
EphA2-speci fi c single-chain antibody (scFv) was selected for the recognition of an 
epitope of EphA2 that is preferentially exposed on malignant cells; this was fused 



246 Z. Xiao et al.

to a CD3-speci fi c single-chain antibody targeting CD3 on T cells to generate bscEp-
hA2xCD3. The resultant bi-speci fi c mAb redirected unstimulated human T cells to 
lyse EphA2-expressing tumor cells both in vitro and in vivo with high potency.   

   MEDI-547 

   EphA2 as an Immunoconjugate Target 

 Antibodies coupled to cytotoxics provide a mechanism to circumvent the uncer-
tainty around EphA2 biology. Antibody–drug conjugates (ADC) represents a mar-
riage between the highly tumor-selective but less potent mAb and the highly potent 
but non-tumor-selective small molecule cytotoxic payloads. Linking the toxic pay-
load to a tumor-speci fi c mAb essentially ensures that only tumor tissues will be 
targeted sparing normal, non-target-expressing tissues of any toxicity. More impor-
tantly, the ADC platform greatly expands the potential target list from obligatory 
cancer “drivers” exposed on the cell surface (a very limited number) to a much 
larger collection of cell surface molecules that are differentially expressed in tumor 
versus normal tissues. 

 Based on the basic rationale of the ADC platform, the most critical requirement 
of an ADC target is high tumor-selective expression and low/preferentially null nor-
mal tissue expression. EphA2 is overexpressed in a vast majority of solid tumor 
types, in both cell lines and primary tumor samples, satisfying this key requirement. 
However, it is unknown whether the low levels of EphA2 protein found on some 
normal tissues will present any problems with toxicity when using an ADC 
approach. 

 Another key determinant of ADC sensitivity is target internalization which is a 
prerequisite for most ADCs to ef fi ciently cleave the linker to release the drug inside 
the cells. Internalization can be achieved through either spontaneous target recy-
cling via the endo-lysosomal pathways or mAb-induced internalization. Theoretically 
the former case is more desirable as it places less stringent requirements on the 
selection of the mAb. It is not clear if EphA2 undergoes robust endocytosis on its 
own. However, both EphrinA ligand and EphA2 mAbs have demonstrated superb 
abilities to induce rapid internalization and degradation of EphA2, indicating that 
this target could be highly amenable to the ADC approach  [  48–  52  ] .  

   Lead Identi fi cation 

 Several approaches were taken to derive antibodies against EphA2. Antibodies were 
obtained from mouse immunizations with EphA2 ECD  [  53  ]  and then later human-
ized  [  54  ] . In addition human antibody fragments were derived from phage libraries 
and later converted to human IgG1  [  49  ] . In both approaches, mAbs were identi fi ed that 
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activated and degraded the receptor. Activation was assessed by measuring the 
amount of tyrosine phosphorylation that occurred on the C-terminal tail of the 
receptor acutely after addition of the antibody on cells. Degradation was measured 
in a variety of assays by determining the absolute levels of EphA2 remaining in the 
whole cell lysate or on the cell surface. These two parameters served as a surrogate 
for antibody-induced internalization and lysosomal targeting of the receptor on 
tumor cells. 

 Several considerations contributed to the selection of a suitable payload. As 
EphA2 is expressed on many epithelial-derived solid tumor types, the mechanism of 
action of the payload must be compatible with standard of care for these patients. 
Taxanes are commonly used alone or in combination with other cytotoxic agents for 
many of the lead indications, including ovarian and prostate cancer, making the 
choice of microtubule disrupting agents a logical decision. Another consideration in 
the choice of payload is whether bystander activity is desired. Given that EphA2 
expression is fairly homogeneous in most tumor types, this was not a major factor 
in choosing the payload. 

 In collaboration with Seattle Genetics, Inc.,  fi ve antibodies were directly con-
jugated to a variety of payloads available at the time. The payloads were all 
based on potent dolastatin 10 analogs, a microtubule disrupting agent that failed 
in clinical development as a single agent  [  55  ] . The antibodies were conjugated to 
three payloads. These were based on the pairwise combination of two linkers, 
valine–citrulline (vc) and maleimidocaproyl (mc), and two drugs, monomethyl 
auristatin F (MMAF) and monomethyl auristatin E (MMAE). One combination, 
maleimidocaproyl monomethyl auristatin E, was previously shown to be ineffec-
tive as a conjugate and thus not pursued. The drug to antibody ratio was held 
constant at 4. 

 The criteria for selection of the lead antibody drug conjugate targeting EphA2 
were based on therapeutic index. Therapeutic index provides a measure of several 
attributes of each ADC including serum stability, biodistribution, tumor penetra-
tion, as well as other pharmacokinetic properties in addition to potency and toxic-
ity. Thus, the use of therapeutic index eliminates the need to do these tests 
independently or identify in vitro surrogate assays to simulate these properties. 
However, it is important to establish that the animal model is suitable by establish-
ing comparable expression pro fi les of the antigen as well as sensitivity to the drug 
payload. In development of MEDI-547, murine models were used due to ease of 
use and comparable EphA2 expression pro fi les. However, the therapeutic index 
was exaggerated in this species due to the lower sensitivity of mice to this class of 
compound  [  56  ] . 

 EphA2 antibodies conjugated to vcMMAF had a much smaller therapeutic 
index compared to either mcMMAF or vcMMAE (Table  14.1 ). This emphasized 
the utility of comparing both activity and toxicity since comparisons based on 
activity alone would not have allowed the distinction between vcMMAF and 
mcMMAF.   
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   Development of MEDI-547 

 A human IgG 
1
  mAb, 1C1, selectively bound to EphA2 amongst a panel of EphA and 

EphB receptors and has an acceptable binding af fi nity for human, mouse, rat, and 
Cynomolgus monkey EphA2 ( K  

d
  = 1 nM). 1C1 is rapidly internalized by EphA2-

expressing cells and induces receptor phosphorylation and degradation. When 
attached to mcMMAF payload, 1C1 provided the best overall drug-like properties 
and therapeutic index. Thus MEDI-547 is comprised of the antibody 1C1 with an 
average of four MMAF molecules covalently attached to cysteine residues via the 
mc linker (Fig.  14. 2 ,  [  49  ] ).  

 The addition of the payload mcMMAF to the cysteines of 1C1 did not impair 
antibody binding to EphA2. Surface plasmon resonance studies were used to com-
pare the binding af fi nities of 1C1 and MEDI-547 for human, mouse, rat, or 
Cynomolgus monkey recombinant EphA2. In addition, MEDI-547 and 1C1 were 
labeled with europium and the binding af fi nities to cell surface human, rat, and 
Cynomolgus monkey EphA2 were measured. MEDI-547 binds to both recombinant 
and cell surface EphA2 from each species with binding af fi nities comparable to 
1C1. These studies con fi rmed that the conjugation reaction did not reduce the bind-
ing af fi nity of 1C1 to EphA2. 

 If an ADC is to be effective in killing the antigen-expressing cells, it must be 
internalized and reach the proper intracellular compartment to release its drug pay-
load. 1C1 and MEDI-547 are rapidly internalized 10–15 min after they bind to 
EphA2 on the surface of human tumor cells. Furthermore, MEDI-547 and 1C1 colo-
calize to lysosomes approximately 2 h after internalization by PC3 cells (Fig.  14.3 ). 
Almost complete degradation of EphA2 protein can be observed following in vitro 
treatment of tumor cells with MEDI-547 or 1C1, further supporting the evidence for 
lysosomal traf fi cking of the receptor. This is also true in vivo where a single dose of 
5 mg/kg in tumor bearing animals results in degradation of EphA2 as soon as one 
hour and as long as 6 days post dosing. As shown previously, the localization 
of ADCs to the lysosome is critical to the release of the active drug payload, 
cys-mcMMAF  [  57  ] .  

 MEDI-547 inhibited the growth of EphA2-expressing cells, in a dose-dependent 
manner, while non-EphA2-expressing cells were unaffected. EphA2 receptor 
density did not correlate with MEDI-547 IC 

50
  values. In subsequent studies, RNA 

   Table 14.1    Therapeutic index calculated for different payloads conjugated to an EphA2 antibody 
1C1   

 Dose needed to induce 
complete response 
of PC3 tumors (mg/kg) 

 Dose causing >15% body 
weight loss in mice (mg/kg)  Therapeutic index 

 1C1-vcMMAE  3  60  20 
 1C1-vcMMAF  6  30  5 
 1C1-mcMMAF  6  >180  >30 

  Therapeutic index: Tox dose/ef fi cacious dose  
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interference was used to reduce EphA2 receptor levels in PC3 cells. In these stud-
ies MEDI-547 did not inhibit the growth of PC3 cells with low levels of EphA2 
expression. These data show that EphA2 expression is critical for MEDI-547 activity 
and a minimum receptor density is also required. Furthermore MEDI-547 kills 

  Fig. 14.2    MEDI-547 anti-EphA2 antibody drug conjugate       

  Fig. 14.3    Anti-EphA2 antibody internalization in tumor cells. PC3 cells were stained for EphA2 
( red ) and a lysosome marker ( green ) and then incubated at 37°C for the time indicated (minutes)       

 

 



250 Z. Xiao et al.

EphA2-expressing cells by inducing apoptotic cell death as evidenced by the 
activation of caspase 3/7  [  49  ] . 

 Tumors can develop resistance mechanisms against a variety of chemotherapeutic 
drugs. One mechanism of drug resistance is the upregulation of drug ef fl ux pumps, 
which prevents the intracellular accumulation of the cytotoxic drug  [  58,   59  ] . 
P-glycoprotein (PGP), which is produced by the multidrug resistance-1 gene 
(MDR-1), is one of the most commonly studied drug ef fl ux pumps. PGP expression 
has been shown to lead to tumor resistance of some well-known chemotherapeutic 
drugs, including paclitaxel. We used MDA-MB231 cells that overexpressed MDR-1 
to explore the effect MDR expression may have on MEDI-547 activity (Table  14.2 ). 
MEDI-547 can kill the parental MDA-MB231 cells, but is less potent against the 
MDA-MB231-MDR1 cells. The IC 

50
  value, in the presence of verapamil, which 

blocks PGP activity, is comparable to the parental MDA-MB231 cell line, suggest-
ing that mcMMAF may be a weak PGP substrate. In contrast when 1C1 was conju-
gated to the valine–citrulline monomethyl auristatin E (vcMMAE) payload, the 
MDA-MB231-MDR1 cells were resistant to 1C1-vcMMAE. The addition of vera-
pamil enhances the killing but not to the same level as the parental cell line. These 
data suggest that mcMMAF may be preferable to vcMMAE when targeting tumor 
cells expressing MDR1.  

 MEDI-547 can also selectively inhibit the growth of EphA2-expressing human 
tumor cells in vivo. In tumor bearing nude mice, complete growth suppression was 
observed at doses as low as 1 mg/kg delivered weekly for 4 weeks. Tumor regres-
sion was observed at only 3 mg/kg with the same weekly regimen. Dose-dependent 
inhibition of tumor growth was observed only in the MEDI-547-treatment group 
and not in any of the control arms. In addition, when tenfold excess 1C1 was dosed 
in combination with MEDI-547, MEDI-547 was unable to inhibit tumor growth, 
demonstrating that MEDI-547 is inhibiting tumor growth via the EphA2 receptor. 
No weight loss or other adverse effects were observed in the study  [  49  ] . 

 Since dolastatin-10, the parent compound of mcMMAF, was reported to be less 
toxic in mice as compared to other species  [  56  ] , MEDI-547 was used to treat established 

   Table 14.2       Effect of drug ef fl ux pump modulation on cell viability following drug treatment   

 Treatment 
 MDA-MB231 
 IC 

50
  (nM) 

 MDA-MB231
-MDR1 
 IC 

50
  (nM) 

 MDA-MB231-
MDR1 + verapamil 
(10 mM) 
 IC 

50
  (nM) 

 Resistance 
(fold) 

 MEDI-547  0.22  1.45  0.19  7 
 mcMMAF  >10,000  >10,000  >10,000  N/A 
 1C1-vcMMAE  0.37  >100  21.29  N/A 
 MMAE  0.48  24.30  0.98  51 
 Paclitaxel  1.55  96.10  1.61  62 
 Vinblastine  0.11  5.22  0.25  47 
 Doxorubicin  6.92  35.65  4.47  5 
 Cisplatin  574.70  605.40  486.90  N/A 

  Resistance (fold): IC 
50

  for MDA-MB231 + MDR1/IC 
50

  for MDA-MB231  



25114 EphA2 Immunoconjugate

EphA2-expressing (F98) and non-EphA2-expressing (RG2) syngeneic rat tumors in 
Fischer 344 rats. MEDI-547 inhibited the growth of F98 tumors but did not inhibit 
the growth of the non-EphA2-expressing RG2 tumors. Interestingly, EphA2 was 
expressed in the RG2 tumor vasculature, although this does not appear to be 
suf fi cient to confer inhibition of RG2 tumor growth  [  49  ] . Even in the more sensitive 
species a therapeutic index could still be established. These studies supported the 
IND-enabling safety evaluation of MEDI-547 in rodents and non-human primates 
leading to a phase I clinical trial in humans.       
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         Introduction 

 Prostate cancer is the most commonly diagnosed cancer with about 25% of all incident 
cases in men of the Western world and represents the second leading cause of cancer 
deaths  [  1  ] . Patients with localized tumors can be curatively treated by radical pros-
tatectomy or radiation therapy. However, there is still a signi fi cant proportion of 
patients who present or progress to advanced metastatic disease, for which no cura-
tive treatment exists. First-line therapy for advanced prostate cancer is androgen 
deprivation, but almost all carcinomas progress to an androgen-independent stage. 
From then on, chemotherapy is the only available effective therapy, which leads to 
an improvement of the quality of life and to a modest overall survival bene fi t  [  2  ] . 
Due to the signi fi cant morbidity and mortality rate, many approaches are focused on 
new therapeutic strategies for the management of prostate cancer, including the 
development of ADCs. 

 Prostate cancer represents a quali fi ed antibody target for several reasons. First, 
metastases are typically of small volume allowing suf fi cient antigen access and 
antibody penetration. Second, metastases are predominantly localized in the bone 
marrow or in lymph nodes, sites that generally receive high levels of circulating 
antibodies. Third, serum prostate-speci fi c antigen (PSA) represents an early indica-
tor for advanced or relapsed disease and allows the rapid monitoring of therapeutic 
ef fi cacy. Finally, with the prostate-speci fi c membrane antigen (PSMA), a protein 
exists on the surface of prostate cancer cells, which is especially well suited as a 
target antigen.  
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   The Prostate-Speci fi c Membrane Antigen 

   Structure and Function 

 The gene encoding PSMA consists of 19 exons spanning about 60 kb of genomic 
DNA and was mapped to chromosome 11p11-p12  [  3  ] . The cDNA sequence of 
PSMA codes for a type II membrane glycoprotein of 750 amino acids (aa), which is 
highly expressed on prostate epithelial cells. It consists of a small intracellular 
domain of 19 aa, which contains an internalization signal (MWNLL)  [  4  ] , a trans-
membrane domain of 24 aa, and a large extracellular domain of 707 aa. The extra-
cellular domain was crystallized and determined to fold into three distinct domains: 
the protease domain (aa 56–116 and 352–591), the apical domain (aa 117–351), and 
the C-terminal domain (aa 592–750). Based on the structural data, it was demon-
strated that PSMA is expressed as a homodimer in a compact 3D structure. 
Furthermore, it was shown that PSMA is highly glycosylated with oligosaccharides 
accounting up to 25% of the molecular weight and that glycosylation is essential for 
proper folding  [  5,   6  ] . 

 PSMA hydrolyzes carboxy-terminal glutamate residues and has also been designated 
human glutamate carboxypeptidase II (GCP II, EC 3.4.17.21). Carboxypeptidase 
activity was manifested in vitro as both folate hydrolase activity and  N -acetylated 
alpha-linked acidic dipeptidase (NAALADase) activity  [  7,   8  ] . PSMA is thought to 
play a role in the folate metabolism of the prostate. However, its exact function in 
this organ remains unclear. 

 Unlike other prostate-related antigens, like PSA, prostatic acidic phosphatase, or 
prostate secretory protein, PSMA is not shed into circulation. Moreover, it under-
goes constitutive internalization, which is enhanced after antibody binding  [  9  ] . It 
can therefore be speculated that PSMA has transport function for a yet unidenti fi ed 
ligand and that antibodies might act as surrogates to induce internalization. In a 
recent study with  fl uorescence-labeled copolymer–anti-PSMA antibody conjugates, 
the subcellular traf fi cking of PSMA in prostate cancer cells was analyzed. It could 
be demonstrated that after antibody binding, multiple receptor-mediated endocytic 
pathways, including clathrin-mediated endocytosis, macropinocytosis, and clathrin- 
and caveolae-independent endocytosis, were used  [  10  ] .  

   Expression 

 Bostwick et al. performed an immunohistochemical study with the anti-PSMA mAb 
7/E11 on specimen from 184 patients with prostate adenocarcinomas. He found that 
the average number of stained cells was lower in benign epithelium (69.5%, range 
20–90%) and high-grade prostatic intraepithelial neoplasia (PIN; 77.9%, range 
30–100%) than in adenocarcinomas (80.2%, range 30–100%). With rare excep-
tions, basal cells were negative, and no immunoreactivity of the prostate stroma, 
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urothelium, or normal vasculature was monitored  [  11  ] . Other immunohistochemical 
studies with different mAbs against PSMA showed a heterogeneous, weak to mod-
erate staining of the normal acinar prostate epithelial cells and an extensive staining 
in adenocarcinomas and metastases  [  12,   13  ] . An overview of studies that have 
assessed PSMA expression in benign and malignant prostate tissues  [  11–  24  ]  is 
given in Table  15.1 .  

 PSMA expression in benign and malignant prostate-related tissues was also com-
pared at the mRNA level by real-time PCR. In this study, a signi fi cant higher PSMA 
expression in carcinomas compared to benign prostate hyperplasia (BPH) could be 
measured. Additionally, a direct correlation between the highest number of PSMA 
transcripts and the Gleason score, which is used for the grading of prostate cancer, 
was determined for the adenocarcinomas  [  24  ] . Ross and colleagues demonstrated 
that PSMA expression correlates with adverse traditional prognostic factors, like 
tumor grade, pathological stage, aneuploidy, and biochemical recurrence, and there-
fore independently predicts disease outcome  [  19  ] . It was demonstrated that PSMA 
regulates the interleukin-6 (IL-6) and chemokine CCL5 expression by activating the 
MAPK pathways in prostate tumor cells, which may have in fl uence on their prolif-
eration and survival  [  25  ] . However, the speci fi c biochemical function of PSMA in 
malignant transformation of prostate epithelial cells remains unclear to date. 

 There is also some extraprostatic PSMA expression in different human tissues. 
A cytoplasmatic staining of secretory cells of the salivary glands without partici-
pation of excretory duct cells was detected by immunohistochemical analyses 
 [  12  ] . This con fi rmed the detection of PSMA mRNA and protein in tissue extracts 
from this organ  [  26,   27  ] . Nevertheless, PSMA function in salivary glands is 
unknown to date. 

 In several studies, PSMA was also detected in duodenal brush border cells  [  12, 
  21  ] , where it was found to act as a folate hydrolase  [  28  ] . The PSMA expression in 
this organ is of concern, but it is restricted to the villus and not to crypt cells. Thus, 
it would be unlikely that anti-PSMA ADCs that were effective would eliminate the 
intestinal crypt stem cell population. 

 PSMA expression was also described for s subset of proximal renal tubules  [  13, 
  20,   21  ] . Proximal tubule cells of the kidney have been shown to play a role in folate 
reabsorption at the apical membrane, which may explain the PSMA expression in 
this tissue. 

 It has to be considered that PSMA expression is not fully prostate speci fi c as 
originally thought. This is also true for the expression in brain and colon, which is 
controversially discussed  [  12,   13,   21,   27,   29,   30  ] . Application of anti-PSMA ADCs 
could induce tissue damage in PSMA-expressing normal organs. However, poten-
tial side effects of anti-PSMA ADCs on these tissues in vivo are unknown. 

 Interestingly, PSMA was also found to be expressed in the neovascular endothe-
lium of many solid tumors, including kidney, colon, lung, bladder, pancreas, breast, 
and melanoma, without expression in the corresponding tumor cells or normal vascu-
lar endothelium  [  13,   20,   21,   31,   32  ] . In this respect, it is presumed that PSMA partici-
pates in  b 1 integrin signaling and PAK activation in endothelial cells, leading to 
changes in cytoskeletal organization and  fi nally cell invasion and angiogenesis  [  33  ] . 
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 Because there is a clear difference in PSMA expression between tumor- 
associated and normal blood vessels, PSMA represents a potential unique antian-
giogenic target. This is in contrast to current endothelial target antigens, such as 
vascular epidermal growth factor receptors, CD31, or alpha-v-beta-3 integrins, that 
are upregulated in malignancies but are also present in the normal endothelium.   

   Anti-PSMA Antibodies 

 The  fi rst mAb against PSMA, named 7E11, was published in 1987  [  14  ] . This mAb 
was used for the initial validation of PSMA in vivo. However, molecular mapping 
revealed that 7E11 recognizes the N-terminus (MWNLLH) of the intracellular 
domain of PSMA (Table  15.1 )  [  34  ]  and is therefore not able to target viable cells for 
the delivery of cytotoxic agents. 

 In the following years, great efforts were undertaken to develop mAbs against 
the extracellular domain of PSMA. Whereas PSMA-binding mAbs could easily be 
generated, only few mAbs binding to cell-adherent PSMA were isolated  [  20,   35–
  41  ] . The reason for this is that the speci fi c three-dimensional structure of the high-
glycosylated PSMA homodimer on the cell surface, presenting unique binding 
epitopes, is lost after isolation with ionizing detergents  [  42  ] . Therefore, only mAbs 
elicited with native PSMA after host immunization with prostate cancer cells, cell 
membranes, or cell lysates may recognize and strongly bind to PSMA-expressing 
prostate cancer cells (Table  15.1 ). This squares with the fact that mAbs raised with 
PSMA peptides showed multiple cross-reactivities with extraprostatic tissues of 
many different organs  [  22  ] .  

   Anti-PSMA Antibody–Drug Conjugates 

 PSMA was identi fi ed as a valuable target antigen for the generation of antibody–
drug conjugates (ADCs) against prostate cancer, since it is highly organ speci fi c, 
present at the cell surface at all tumor stages, overexpressed in advanced and 
metastatic disease, not shed into circulation, and internalized after antibody 
binding. Moreover, due to PSMA expression in the neovasculature of solid 
tumors, clinical applications using anti-PSMA ADCs are seen not to be limited 
to the treatment of prostate cancer but also to the angiogenesis targeting of solid 
tumors  [  43  ] . 

 In the last years, various types of anti-PSMA ADCs (radioimmunoconju-
gates, immunotoxins, and targeted virotherapeutic agents) were generated by 
coupling radionuclides, chemotherapeutic agents, plant toxins, bacterial toxins, 
zootoxins, or viruses to anti-PSMA mAbs or antibody fragments and tested in 
preclinical or clinical trials. Figure  15.1  gives an overview of anti-PSMA ADCs 
published to date.  
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   Anti-PSMA Radioimmunoconjugates 

 Radioimmunoconjugates consist of antibody-coupled radionuclides with the biologic 
effect of high linear energy transfer radiation as is seen with alpha and beta parti-
cles. The advantage of a targeted radiotherapy with such agents is that smaller 
amounts of drug can be given as compared to conventional radiation therapy. 
Furthermore, the effect of the radionuclide is not only restricted to cells presenting 
the target antigen but also for neighboring cells (bystander or cross fi re effect). 

 Initial immunoscintigraphy trials of prostate cancer were performed with the 
 111 In-labeled form of 7E11 (ProstaScint ® , 7E11/CYT-356, capromab pendetide) 
 [  44–  47  ] . In these studies, it could be shown that ProstaScint ®  imaging was more 
sensitive compared to the computed tomography and magnetic resonance imaging 
for the detection of metastatic prostate cancer in soft tissues  [  48  ] . ProstaScint ®  has 
therefore received approval from the US Food and Drug Administration (FDA) for 
the detection and imaging of soft-tissue metastases  [  49  ] . However, since the binding 
epitope of 7E11 is on the intracellular domain of PSMA, it was suggested that 7E11 
only binds to PSMA molecules in damaged, dead, or dying cells and is not capable 
to bind to viable cells. This provides a rationale to explain why ProstaScint ®  is more 
effective at identifying metastases in well-vascularized soft tissues than in bone, in 
which metastatic lesions tend to be relatively small and do not characteristically 
have a high percentage of necrotic or apoptotic cells. Indeed, early clinical trials 
using the  90 Y-labeled 7E11 for radioimmunotherapy resulted in no objective or bio-
chemical (PSA) remissions  [  50,   51  ] . 

 Therefore, radioimmunotherapeutic studies with mAbs binding to the extracel-
lular domain of PSMA were performed. The  64 Cu-labeled mAbs 3/A12, 3/E7, and 
3/F11 were used in positron emission tomography for the imaging of prostate can-
cer tumors in the SCID mouse xenograft model  [  52,   53  ] . Whereas excellent uptakes 
of the mAbs between 31.6% and 35.1% ID/g after 48 h were seen in PSMA-
expressing tumors of the androgen-independent growing LNCaP subline C4-2, the 
activity in PSMA-negative DU145 xenografts remained at the background levels. 

 The mAb 3/F11 was chosen for radioimmunotherapy in  fi rst preclinical experi-
ments  [  54  ] . For this, it was labeled with the beta-particle emitter  177 Lu using the 
highly stable chelator 1,4,7,10-tetraazacyclodecane- N , N  ¢ , N ″, N ″¢-tetraacetic acid 
(DOTA). Flow cytometric analyses indicated that the DOTA labeling affected nei-
ther the PSMA speci fi city nor the binding capacity of 3/F11. Biodistribution data 
in mice showed that the tumor uptake of  177 Lu-DOTA-3/F11 gradually increased 
with time. A more than 70-fold activity compared to the muscle and a more than 
4.5-fold activity compared to the blood were measured 72 h after injection. 
Remarkably, the treatment of mice bearing small C4-2 xenografts with a single 
dose of 1 MBq  177 Lu-DOTA-3/F11 resulted in a more than twofold enhanced mean 
survival and in a delay of tumor growth compared to the control group. However, 
mice treated with higher doses of  177 Lu-DOTA-3/F11 apparently died of myelotox-
icity, which is the predominant limiting factor in radioimmunotherapeutic 
approaches with  177 Lu  [  55  ] . 
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 The anti-PSMA mAb J591 was also used for the construction of radioimmuno-
conjugates, which were extensively studied in preclinical and clinical trials. An 
alpha-particle-emitting radioimmunoconjugate was prepared by linking the anti-
PSMA mAb J591 to  213 Bi using  N -[2-amino-3-( p -isothiocyanatophenyl)propyl]-
 trans -cyclohexane-1,2-diamine- N , N  ¢ , N  ¢ , N ″, N ″-pentaacetic acid (SCN-CHXA″-DTPA) 
as chelating agent.  213 Bi is a short-lived radionuclide that emits high-energy alpha 
particles with an effective range of 0.07–0.1 mm that are ideally suited for treating 
single-celled neoplasms and micrometastases. [ 213 Bi]J591 was speci fi cally cyto-
toxic to PSMA-expressing LNCaP prostate cancer cells and led to a signi fi cant 
improvement of median tumor-free survival of nude mice with i.m. LNCaP xeno-
grafts. Furthermore, a signi fi cant reduction of PSA serum levels in treated animals 
was measured  [  56  ] . 

 In a study of Smith-Jones and colleagues, the  131 I-labeled mAbs J415, J591, and 
7E11 were tested in nude mice with LNCaP xenografts. Higher tumor-to-blood 
ratios with  131 I-J591 and  131 I-415 than with  131 I-7E11 were reached, and tumor uptake 
of  131 I-J591 was almost 20 times higher in LNCaP tumors than in PSMA-negative 
PC-3 and DU145 tumors. Autoradiographic studies con fi rmed that the intracellular 
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binding mAb 7E11 distinctly favored localization to areas of necrosis whereas the 
extracellular binding mAbs J415 and J591 demonstrated a preferential accumula-
tion in areas of viable tumor  [  56  ] . 

 In another preclinical radioimmunotherapy study, the humanized or “deimmu-
nized” form of J591 (huJ591) was used. Deimmunization was done by fusion of a 
human IgG1 backbone to further reduce the immunogenic potential of this antibody 
in humans. This was followed by site-directed mutagenesis of putative B and T cell 
reactive epitopes of the variable domains. HuJ591 was observed to retain the prop-
erties in terms of af fi nity and speci fi city to PSMA.  131 I-hu591 and  90 Y-DOTA-huJ591 
were tested in nude mice bearing LNCaP xenografts and effected a 15–90% reduc-
tion in the mean tumor volume after single-dose application of 3.7–11.1 MBq and 
3.7–7.4 MBq, respectively. Additionally, the median survival increased 2–3 times 
relative to untreated controls  [  57  ] . 

 In a  fi rst phase I clinical trial,  90 Y-labeled huJ591 was tested in 29 prostate cancer 
patients  [  58  ] . Initially, patients received the mAb labeled with the gamma-emitting 
radionuclide  111 In to determine pharmacokinetics, biodistribution, and dosimetry. 
Total-body images with a gamma camera demonstrated signi fi cant metabolism of 
the radioimmunoconjugate in the liver and to a lesser extend in the kidneys and 
spleen. In addition, metastases in both bone and soft tissues were speci fi cally tar-
geted.  90 Y-labeled huJ591 was administered at different initial doses one week later. 
The maximal tolerated dose was determined to be 17.5 mCi/m 2 . No antihuman anti-
body responses were observed. PSA stabilization was noted in six patients, and two 
patients showed an 85% and 70% decline in PSA serum levels lasting 8 and 8.6 
months, respectively. 

 In another phase I study, 35 prostate cancer patients received  177 Lu-labeled hu591 
at different doses between 10 and 75 mCi/m 2  to assess safety, dosimetry, and phar-
macokinetics. All patients treated with a dose of 75 mCi/m 2  developed grade 3 or 4 
thrombocytopenia and grade 4 neutropenia. Therefore, 70 mCi/m 2  was determined 
to be the maximal tolerated dose. Re-treatment with 30 mCi/m 2  was well tolerated. 
In four patients within this trial, a PSA decline of more than 50% was measured, and 
in 16 patients, a stabilization of the PSA levels was monitored  [  59  ] . 

 Myelosuppression was the most common and severe side effect in these studies. 
Whereas for  90 Y-huJ591 no clear correlation between myelotoxicity and applicated 
radioactive dose was seen, for  177 Lu-huJ591 myelotoxicity and especially thrombo-
cytopenia correlated well with both administered radioactive dose and bone marrow 
dose  [  60  ] . 

 For a proof-of-principle evaluation of PSMA as a target for an antiangiogenesis 
therapy,  111 In-huJ591 was used for the targeting of known metastases in 27 patients 
with advanced solid tumors of types previously shown to express PSMA in their 
neovasculature (kidney, colon, lung, bladder, pancreas, breast, melanoma). Tumor 
imaging was observed in 7/10 kidney cancer patients, 4/4 colorectal cancer patients, 
3/3 lung cancer patients, 1/3 bladder cancer patients, 3/3 pancreatic cancer patients, 
2/3 breast cancer patients, and 1/1 melanoma patient  [  43  ] . 

 Taken together,  fi rst preclinical and clinical trials give evidence that anti-PSMA 
radioimmunoconjugates are well tolerated and demonstrate antitumor activity. 



26315 Anti-PSMA Antibody-Drug Conjugates and Immunotoxins

Therefore, targeted radiotherapy against PSMA could be a promising alternative 
for patients with advanced prostate cancer. Moreover, due to successful in vivo 
targeting of the neovasculature of different solid tumors, there is also evidence 
that radiolabeled anti-PSMA mAbs could also serve for antiangiogenesis therapy 
in future.  

   Anti-PSMA Immunotoxins 

 PSMA was also used as target for the construction of immunotoxins, where plant 
toxins, chemotherapeutic agents, zootoxins, and bacterial toxins were linked to anti-
PSMA mAbs or antibody fragments. 

 First anti-PSMA immunotoxins were generated by Fracasso and colleagues, who 
linked anti-PSMA mAbs to the ricin A-chain  [  61  ] . The plant toxin ricin from  Ricinus 
communis  is formed by two subunits held together by a disul fi de bridge. The ricin 
A-chain is the catalytically active subunit, which is able to inactivate the protein 
biosynthesis machinery of the target cell by attacking ribosomal RNA. The B-chain 
binds ubiquitous cell surface structures and facilitates intracellular traf fi cking and 
membrane translocation of ricin  [  62  ] . 

 For the construction of the ricin-A-based immunotoxins, the ricin B-chain was 
exchanged by the anti-PSMA mAbs J591, PEQ226.5, or PM2P079.1 for speci fi c 
targeting. Linkage of the mAbs to the ricin A-chain was performed using the 
 N -succinimidyl-3-(2-pyridyldithio)-propionate (SPDP) or 4-succinimidyloxycarbo-
nyl-alpha-methyl-alpha(2-pyridyldithio)-toluene (SMPT) cross-linkers  [  61  ] . Both 
linkers are heterobifunctional and contain one reactivity toward amines, through the 
succinimide group, and one reactivity toward sulfhydryls, through the pyridylthiol 
group. Moreover, both were shown to have a high in vivo stability in former studies 
with different ricin-A-based immunotoxins  [  63,   64  ] . 

 In vitro studies with the anti-PSMA immunotoxins revealed that the choice of 
both cross-linkers had no in fl uence on the overall activity. All immunotoxins elic-
ited a speci fi c and concentration-dependent cytotoxicity against PSMA-expressing 
LNCaP cells in the nanomolar range with up to 5,200-fold potentiation of cytotoxic-
ity compared to the unconjugated ricin A-chain. Interestingly, J591-smpt-nRTA 
showed a 6.3- or 61.8-fold higher potency compared to PEQ226.5-spdp-nRTA or 
PM2P079.1-spdp-nRNA, respectively. This difference was ascribed to several fac-
tors: the derivatization with the cross-linker, steric hindrance by cross-linked ricin 
A-chain, different PSMA epitopes recognized by the mAbs, and different af fi nities 
of the mAbs. Additionally, the immunotoxins induced a growth inhibition of LNCaP 
multicellular tumor spheroids with 150–200  m m in size, which corresponded to 
approximately 1,000 cells  [  61  ] . 

 Differences in the cytotoxic activity of the immunotoxins containing the native 
(nRTA) or the recombinant (rRTA) ricin A-chain were also examined. nRTA is 
endowed with high mannose residues that might interact in vivo with cells bearing 
mannose receptors, contributing to higher nonspeci fi c toxicity and side effects  [  65,   66  ] . 
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Therefore, rRTA would be preferable. However, no differences in the cytotoxicity of 
nRTA- or rRTA-based anti-PSMA immunotoxins with or without inhibition of man-
nose receptors were measured in LNCaP cells  [  61  ] . 

 A similar immunotoxin was generated by chemically linking the deglycosylated 
ricin A-chain (dgA) via the SMPT linker to the rat anti-PSMA mAb E6. With this 
construct, an IC 

50
  value of 60 pM, corresponding to the immunotoxin’s concentra-

tion inducing a 50% reduction in cell viability, was measured for LNCaP cells. 
Additionally, a signi fi cant growth inhibition of subcutaneous LNCaP xenografts of 
approximately 150 mm 3  in size was reached. Histological examinations indicated 
that the antitumor effects were mediated through direct cytotoxic effects on the 
tumor cells  [  67  ] . 

 Kuroda and colleagues used the plant toxin saporin for the construction of a fur-
ther anti-PSMA immunotoxin  [  69  ] . Saporin is found in seeds and leaves of the plant 
 Saponaria of fi cinalis  and belongs to class I ribosome-inactivating proteins  [  68  ] . It is 
an RNA  N -glycosidase and inhibits protein biosynthesis by cleaving one speci fi c 
adenine base from ribosomal RNA, which is followed by irreversible ribosomal 
change. For the construction of the immunotoxin, called hJ591-SAZAP, the human-
ized mAb J591 was biotinylated for the linkage of a streptavidin–saporin conjugate. 
Testing cytotoxicity, IC 

50
  values of 0.14 and 1.99 nM on PSMA-expressing LNCaP 

and CWR22Rv1 cells, respectively, were determined for hJ591-SAZAP after 72 h. 
At the same time, percentages of apoptotic cells of 60.3% in LNCaP cells and of 
40.7% in CWR22Rv1 cells were measured. Furthermore, the immunotoxin induced 
a growth inhibition of LNCaP tumor xenografts in the mouse model. With a molecu-
lar weight of approximately 280 kDa, this immunotoxin is relatively large and, due 
to diffusion limitations in tissues, is thought to be less desirable for the treatment of 
solid tumors. Further work is therefore focused on the construction of saporin-based 
conjugates of smaller size and less inherent immunogenicity  [  69  ] . 

 Another immunotoxin was constructed by conjugation of a fully human anti-
PSMA mAb from transgenic mice with monomethylauristatin E (MMAE) through 
a valine–citrulline (Val–Cit) linker. This linker was designed to maintain serum sta-
bility while maximizing intracellular drug release by human cathepsin B  [  70  ] . 
Auristatins are potent inhibitors of tubulin polymerization, are related to the natural 
product dolastatin 10, and are about 200 times more potent in vitro than conven-
tional chemotherapeutic agents  [  71  ] . With the MMAE-based immunotoxin, a cyto-
toxicity with IC 

50
  values of 83 pM on LNCaP and of 65 pM on the androgen-independent 

LNCaP subline C4-2, with more than 800-fold selectivity compared to an isotype-
control immunotoxin, was determined. In the C4-2 mouse xenograft model, the 
immunotoxin signi fi cantly improved the median survival ninefold relative to the 
control without signs of toxicity. Treatment effects were manifested by a signi fi cant 
reduction of PSA serum levels. Importantly, 2/5 of animals treated with a dose of 
6 mg/kg immunotoxin had no detectable tumor or measurable PSA at day 500 and 
could be considered cure  [  70  ] . 

 The anti-PSMA immunotoxin MLN2704 consists of the mAb huJ591 linked to 
the chemotherapeutic drug maytansinoid 1 (DM1) by a disul fi de bond  [  72  ] . DM1, a 
potent microtubule-depolymerizing drug, is an analogue of maytansine, a naturally 
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occurring ansa macrolide  [  73  ] . Maytansine was evaluated as a chemotherapeutic 
agent in the 1970s and 1980s, but has not developed further because of dose-limiting 
gastrointestinal and central neurological toxicity  [  74  ] . 

 In toxicity studies, MLN2704 was nontoxic in mice up to the highest dose of 
60 mg/kg body weight, whereas an equivalent dose of maytansine was toxic. 
Moreover, the immunotoxin showed an about  fi vefold higher ef fi cacy in a CWR22 
SCID mouse xenograft model than an equivalent amount of DM-1 administered on 
the same dosage schedule. Hence, MLN2704 ful fi lled the criteria for an ideal immu-
notoxin in this preclinical model, possessing signi fi cantly enhanced antitumor activ-
ity through antigen-dependent targeting and reduced toxicity by limited systemic 
exposure of the cytotoxic moiety. 

 MLN2704 was also tested in a  fi rst clinical trial. It was not immunogenic and 
was safe for a repetitive application in patients with advanced prostate cancer. 2/9 
patients treated with a dose of 264 or 343 mg/m 2  sustained a more than 50% decrease 
in serum PSA versus baseline, accompanied by measurable tumor regression in the 
patient treated with 264 mg/m 2   [  75  ] . 

 Russell and colleagues cross-linked the mAb J591 to the melittin-like peptide 101 
using SPDP  [  76  ] . Peptide 101 consists of the  fi rst 22 amino acids of melittin, which 
is a potent zootoxin from honey bee ( Apis mellifera ) venom and which was success-
fully tested in vitro to selectively kill tumor cells in tumor-speci fi c antibody conju-
gates  [  77  ] . The immunotoxin inhibited the growth of PSMA-positive LNCaP-LN3 
but not of PSMA-negative DU145 tumor xenografts after systemic or intratumoral 
injection. Additionally, the conjugate led to a slight survival improvement of the 
treated mice. However, a disadvantage of this immunotoxin was the high af fi nity of 
the peptide 101 for lipid bilayer membranes, inducing a nonspeci fi c binding fol-
lowed by nonspeci fi c cytotoxicity. Therefore, this immunoconjugate requires 
re fi nement to maximize its potential  [  76  ] . 

 To overcome the limitations of chemically coupled mAb-based immunotoxins, 
such as large size or inhomogeneous preparations, recombinant immunotoxins con-
taining antibody fragments were generated. 

 The  fi rst recombinant immunotoxins against PSMA were called A5-PE40 and 
D7-PE40  [  78,   79  ] . They contained the single-chain antibody fragments (scFvs) A5 
and D7 as binding domains, which were generated by phage display from the anti-
PSMA mAbs 3/A12 and 3/F11, respectively. ScFvs, the smallest antigen-binding 
subunits of antibodies, consist of the variable domain of the heavy chain (V 

H
 ) and 

the variable domain of the light chain (V 
L
 ), connected by a  fl exible peptide linker 

and retain the full antigen speci fi city of the parental mAbs. As of their smaller size, 
scFvs allow a better penetration of tumor tissues, improved pharmacokinetics, and 
a reduction in immunogenicity compared to mAbs or Fab fragments  [  80,   81  ] . 

 Like their parental mAbs, the scFvs A5 and D7 showed a speci fi c binding to 
PSMA-expressing cancer cells. However, the binding af fi nity was lower, which can 
be explained by the scFvs’ monovalent binding and the absence of stabilizing con-
stant regions. Additionally, the complete inhibition of the antigen binding of A5 and 
D7 by an excess of the parental mAbs proved that the scFvs bound to the same 
extracellular PSMA epitopes. 
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 For the construction of the recombinant anti-PSMA immunotoxins, PE40, the 
truncated form of  Pseudomonas  exotoxin A, produced by the human pathogenic 
bacterium  Pseudomonas aeruginosa , was chosen. PE40 lacks the natural occurring 
cell binding domain Ia of the exotoxin and only consists of the domains II, Ib, and 
III. Whereas domain II serves as a membrane translocation domain for cytosolic 
delivery, the domains Ib and III contain ADP-ribosylation activity that inactivates 
the eukaryotic elongation factor 2 and leads to cell death  [  82,   83  ] . 

 The immunotoxins A5-PE40 and D7-PE40 showed a speci fi c but yet weaker 
binding to C4-2 cells or PSMA-transfectants compared to the scFvs. This indicated 
that the PE40 domain partially led to a steric inhibition of the scFv binding domain. 
Nevertheless, binding af fi nity was suf fi cient to induce a high and speci fi c cytotoxicity 
with IC 

50
  values in the low picomolar range in different PSMA-expressing prostate 

cancer lines representing different tumor stages. In in vivo experiments, D7-PE40 
induced no deaths of mice at single doses up to 20  m g and was therefore about three-
fold better tolerated than A5-PE40  [  79,   84  ] . Increased ALT and AST serum levels 
and histopathological examination of livers from animals treated with D7-PE40 indi-
cated that high concentrations of the immunotoxin caused liver toxicity, which was 
followed by the death of the animals  [  79  ] . Onda et al. found that TNF-alpha released 
by Kupffer cells plays an important role in the indirect hepatocyte damage in mice 
treated with a PE-based immunotoxin  [  85  ] . Lowering the isoelectric point of this 
immunotoxin led to a decrease of hepatotoxicity, suggesting that macrophages  fi nd 
fewer negatively charged immunotoxin molecules than positively charged ones and 
consequently release less TNF-alpha that is toxic to the hepatocytes  [  86  ] . 

 At nontoxic doses A5-PE40 and D7-PE40 evoked a signi fi cant growth inhibition 
of C4-2 SCID mouse xenografts, whereas PSMA-negative tumors remained totally 
unaffected  [  79,   84  ] . With regard to future clinical applications, further development 
of A5-PE40 and D7-PE40 is focused on the humanization of the scFvs to reduce the 
expected immunogenicity in humans. This could be done by grafting the PSMA-
binding CDR regions of the scFvs directly to a human framework. In addition, the 
expected generation of neutralizing antibodies against the PE40 domain in patients 
could be avoided by elimination of immunodominant epitopes that were detected in 
a study by Onda et al.  [  87  ] .  

   Anti-PSMA Virotherapeutic Agents 

 In a recent study, measles viruses (MV) of a live attenuated strain were used as an 
active drug component for the construction of a new anti-PSMA ADC  [  88  ] . 
Oncolytic measles virus is very effective against a variety of tumor types, including 
prostate cancer  [  89  ] . Normally, the virus enters the host cell via one or two measles 
receptors, CD46 and SLAM. CD46 is ubiquitously expressed on human cells, 
whereas SLAM is expressed on immune cells. After infection, the virus induces 
extensive intracellular fusion between the infected cell and neighboring cells to 
form nonviable multinucleated structures (syncytia), generating a large bystander 
killing. To generate a tumor-speci fi c virus, the scFv of the anti-PSMA mAb huJ591 
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was fused to the coat protein of measles virus, in which alanine substitutions of 
speci fi c residues ablated the viral interaction with CD46 and SLAM. After propaga-
tion of the PSMA retargeted virus, called MVG- a PSMA, ef fi cient virus infection 
and cytopathic killing of PSMA-positive LNCaP and PC3/PIP cells were moni-
tored. Furthermore, MVG- a PSMA induced regression or growth inhibition of 
LNCaP and PC3/PIP tumor xenografts. After immunostaining, extensive areas of 
measles virus infection and apoptosis were seen in virus-treated tumors  [  88  ] . 

 Preexisting antiviral antibodies in patients, who have been vaccinated or infected 
by the wild-type measles virus, could form a crucial obstacle for a systemic use of 
MVG- a PSMA in clinical trials because they can quickly neutralize the virus domain 
after intravascular administration. Therefore, strategies are under investigation to 
more effectively deliver the virus to the tumor site. Such strategies could include the 
intratumoral application of the ADC, hiding the virus in cell carriers  [  90,   91  ] , shield-
ing the virus using polymers  [  92,   93  ] , or the use of immunosuppressive drugs to 
dampen the innate immunity  [  94  ] .   

   Conclusions 

 PSMA features many characteristics as target for prostate cancer ADCs such as a 
strong and speci fi c expression in the prostate and upregulation in advanced stages 
of the disease. Radioimmunoconjugates with mAbs binding to the extracellular 
domain of PSMA demonstrated an ef fi cient targeting of bone- and soft-tissue 
lesions, which resulted in an objective antitumor response in a subset of prostate 
cancer patients. Moreover, in preclinical models with small tumors, high cytotoxic-
ity in vitro and speci fi c antitumor activities in vivo could be demonstrated with anti-
PSMA immunotoxins and virotherapeutic agents. The best clinical settings for 
anti-PSMA ADCs are therefore seen to be presented by a situation in which the 
tumor cell burden is low, i.e., after tumor excision, in the occurrence of a small 
residual disease, or in the presence of micrometastases.      
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         Introduction 

 CD56, also known as NCAM (neural cell adhesion molecule), is a type I plasma 
membrane glycoprotein of the immunoglobulin (Ig) superfamily  [  1–  3  ]  that is 
expressed on neuronal tissue, skeletal muscle, and various cell types of neuroendo-
crine origin  [  2–  8  ] . CD56/NCAM (hereafter called CD56 in this chapter) is also a 
characteristic marker for natural killer (NK) cells and is present on a subset of T 
cells  [  1,   9,   10  ] . The extracellular domain comprises  fi ve Ig-like domains followed 
by two  fi bronectin type III domains  [  2,   3  ] . CD56 is thought to play a role in cell–cell 
adhesion via homophilic binding between the Ig-domains of the molecule and in 
cell–extracellular matrix interactions and cell signaling  [  3,   11–  14  ] . CD56 appears to 
interact with  fi broblast growth factor (FGF) receptors, modulating response to its 
FGF ligands  [  15–  18  ] . Through these interactions, CD56 it thought to play a key role 
in the biology of neuronal cells in nerve tissue, mediating neuronal differentiation, 
migration, and axon growth  [  12,   15,   19,   20  ] , and it may also play a signi fi cant role 
in cell–cell adhesion and cell migration of some nonneuronal cell types  [  17,   18  ] . 
CD56 expression on NK cells and some T cells may be associated with modulation 
of maturation, cytokine production, and cytolytic effector functions of these cells 
 [  9,   10,   21–  27  ] . In the case of expression on cancer cells, CD56 has been associated 
with cell migration and invasion, in fl uencing metastatic spread  [  18,   28,   29  ] . 

 The complexity of functional properties of CD56 is associated with a multiplic-
ity of structural forms. There are three main isoforms produced by alternative splic-
ing that vary in their cytoplasmic domain, a 180-kDa molecule with a long 
cytoplasmic domain, a 140-kDa molecule with a short cytoplasmic domain, and a 
120-kDa molecule that lacks a transmembrane/cytoplasmic domain and is anchored to 
the plasma membrane via a glycosyl phosphatidylinositol anchor  [  2,   3,   30,   31  ] . 
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Further complexity in isoforms is created by the insertion of minor exons such as 
VASE  [  19,   32  ] , or MSD1  [  33,   34  ] , as well an exon that introduces an in-frame stop 
codon that results in a secreted 115-kDa isoform  [  35  ] . Indeed, at least 27 alterna-
tively spliced mRNA species have been reported present in some tissues  [  31  ] . Such 
alternative splicing of CD56 can result in tissue-speci fi c or developmental stage-
speci fi c expression of particular isoforms, allowing  fi ne control of its functional 
properties  [  9,   18,   19,   31 – 36  ] . 

 Posttranslational addition of complex  N - and  O -linked glycans adds another 
layer of complexity to the isoforms of CD56 expressed on cell surfaces  [  37–  40  ] . 
 N -linked glycans attached to the two  N -glycosylation sites in the  fi fth Ig-like domain 
can also carry linear polysialic acid chains that may be up to 200 sialic acid residues 
in length  [  41–  43  ] . The polysialic acid, which is found on CD56 expressed in embry-
onal tissue and tumor tissue  [  6,   44  ] , may attenuate the homophilic binding of CD56, 
reducing cell–cell adhesion and promoting cell migration, and in the context of 
tumor cell expression, may promote invasion and metastasis  [  6,   44,   45  ] . The highly 
diverse patterns of glycosylation that can vary spatially in tissues, and vary with 
developmental stage, may provide additional mechanisms for another layer of con-
trol of the biological activities of CD56  [  6,   37–  45  ] . 

 A variety of cancers express CD56, both hematologic malignancies and tumors 
of cell types of neuroendocrine origin  [  4–  7,   29,   46,   47  ] . Expression of the 140-kDa 
isoform is the dominant species in tumors or cancer cell lines  [  29,   48  ] , although 
multiple isoforms also can be found in many cancers  [  56,   128  ] . In small cell lung 
cancer (SCLC), homogeneous expression of CD56 was documented on virtually all 
samples, including tumor biopsies and SCLC cell lines and xenografts  [  51–  55  ] . It is 
occasionally expressed on other lung cancer types associated with neuroendocrine 
phenotype  [  4,   5,   53  ] . Other small cell cancers derived from other organs or tissues 
such as Merkel cell carcinoma (small cell cancer of skin) also exhibit virtually uni-
form expression of CD56  [  49,   57  ] . The antigen is also expressed on a variety of 
other solid tumors such as 50–60% of cases of ovarian cancer  [  50  ]  and the majority 
of cases of a variety of neuroendocrine tumors including pancreatic and gastrointes-
tinal neuroendocrine tumors, carcinoid tumors, neuroblastoma, Wilms’ tumor, and 
a subset of renal cell carcinoma  [  5,   6,   44,   47,   58  ] . CD56 is expressed by several 
hematologic neoplasms, including CD56-positive leukemias and lymphomas  [  59–
  62  ] , and by 75–80% of cases of multiple myeloma  [  29,   46,   63,   64  ] . Expression of 
CD56 in tumors, especially the polysialic acid-containing glycoform, has been 
associated with poor prognosis  [  6,   29,   43,   44,   53,   60,   64,   65  ] . 

 CD56 makes an attractive target for antibody-mediated therapy. It is highly 
expressed on a wide variety of aggressive neoplasms with signi fi cant unmet medical 
need. Furthermore, in cancers where the antigen is expressed, the pattern of expres-
sion is generally uniform  [  5,   49,   50,   55–  57  ] . This review brie fl y describes early 
attempts to exploit CD56 as a therapeutic target for antibody-based therapeutic 
agents and then will focus on a promising CD56-targeting immunoconjugate, lorvo-
tuzumab mertansine, which is in clinical evaluation for the treatment of SCLC and 
multiple myeloma.  
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   Early Immunoconjugates Targeting CD56 

 Attempts to develop antibody-based therapeutics that target CD56 have concentrated 
on utilizing such antibodies to deliver a cell-killing payload, either a radionuclide, a 
protein toxin, or a small molecular weight cytotoxic agent  [  47  ] . Studies with several 
anti-CD56 radioimmunoconjugates have met with little success as therapeutic 
agents in clinical trials thus far  [  47  ]  and are not further discussed in this review. 
However, it is instructive to examine brie fl y the results of the early studies evaluat-
ing the potential of conjugates of anti-CD56 antibodies with various cytotoxic 
agents for treatment of CD56-expressing malignancies because the results of these 
studies laid the groundwork for the development of lorvotuzumab mertansine. 

 An early attempt at targeting a cytotoxic agent to CD56 by conjugating doxoru-
bicin to two anti-CD56 antibodies, SEN7 and MOC31, met with only limited suc-
cess. The conjugates could kill CD56-expressing cell lines only at high concentrations, 
0.5  m M or higher  [  66  ] . This result was consistent with the insuf fi cient cytotoxic 
potency of early conjugates of antibodies with conventional anticancer drugs 
(reviewed in Refs.  [  67,   68  ] ). 

 A solution to the poor potency of these early antibody-cytotoxic agent conjugates 
was to attempt to target CD56 with immunotoxins, conjugates of antibodies with 
highly cytotoxic proteins. Six anti-CD56 immunotoxins have been explored. 
The anti-CD56 murine monoclonal antibodies, MOC-31 and SEN7, were conjugated 
to the bacterial toxin,  Pseudomonas  exotoxin A, to form conjugates that displayed 
varying levels of CD56-speci fi c cell-killing activity  [  69,   70  ] . A conjugate of an anti-
CD56 monoclonal antibody with a streptavidin-protein A fusion protein, complexed 
with biotinylated glucose oxidase as a cytotoxic moiety, was tested on several SCLC 
cell lines in vitro and displayed some activity  [  71  ] . Three CD56-targeting immuno-
conjugates of ricin, a potent protein toxin isolated from castor beans  [  72  ] , were 
reported. A recombinant fusion protein consisting of the heavy chain of the human-
ized anti-CD56 antibody N901 coupled with ricin B-chain, to which ricin A-chain 
was associated, was found to be selectively cytotoxic against the CD56-expressing 
SCLC cell line SW2  [  73  ] . Conjugates of the SEN7 and N901 antibodies with 
blocked ricin (bR), a chemically altered form of ricin  [  74  ] , were also studied  [  5,   70, 
  74–  79  ] . Both demonstrated exceptionally high CD56-selective potency in vitro 
towards CD56-expressing SCLC cell lines  [  5,   70,   79  ] . 

 Of all these earlier conjugates, only the N901–bR conjugate went into clinical 
testing. It was evaluated in a phase I trial and a phase II trial in SCLC patients 
 [  75–  78  ] . In the phase I trial (21 patients), one patient with refractory disease had a 
partial response, and six patients had stable disease  [  76  ] . In this study, evidence of 
tumor targeting was also obtained, despite the relatively low maximum tolerated 
dose (30  m g/kg/d given by continuous intravenous infusion for 7 days). In the phase 
II study in patients ( n  = 9) that were in complete or near complete response following 
chemotherapy and/or radiation ( ³ 90% reduction in measurable disease), one patient 
had stable disease for 4 months, one patient converted from near complete response 
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to a complete response of 3 months duration, and one patient with limited-stage 
disease that entered the study in complete remission remained so for more than 6 
years after completion therapy  [  75  ] . 

 Despite these indications of antitumor activity, the studies with N901–bR 
showed two major obstacles in the development of this agent. One was the 
nonspeci fi c toxicity exhibited by N901–bR  [  75,   76  ] , in particular the capillary 
leak syndrome that has often been seen with protein toxin-based immunotoxins 
 [  80–  82  ] , likely due to direct damage to vascular endothelial cells. Importantly 
however, despite CD56 expression in cardiac muscle and peripheral nerve tis-
sue, no signi fi cant cardiac toxicity attributable to the immunotoxin was observed, 
and neither central nor peripheral nervous system toxicity was noted by serial 
neurologic examinations, electromyography, or nerve conduction studies  [  75–
  78  ] . Thus, the major toxicities of N901–bR were of a nonantigen-related nature 
suggesting that the CD56 antigen could be targeted if one were to design a con-
jugate with an appropriate cytotoxic effector that would exhibit less nontarget 
toxicity. The second obstacle was the development of anti-murine Ig antibodies 
and anti-ricin antibodies in every patient, severely limiting the period of circu-
lation of active immunotoxin and limiting the number of administered cycles to 
one  [  75,   76  ] . 

 Because of these limitations, further clinical development of N901–bR was 
abandoned, and, in general, these experiences suggested that targeting CD56 (or 
other antigens) with protein toxins held little promise  [  83  ] . On the other hand, 
N901–bR demonstrated signals of clinical activity and absence of any major CD56-
targeted systemic toxicity. With this in mind, our attention turned to cytotoxic effec-
tors of a different nature with which to arm an anti-CD56 antibody.  

   Design of an ADC Targeting CD56 Utilizing 
a Potent Cytotoxic Payload 

 The next generation of antibody-drug conjugates targeting CD56 aimed to combine 
non-immunogenic antibodies, humanized or fully human, with small molecular 
weight cytotoxic agents having the high potency of the potent protein toxin effector 
molecules used in early immunoconjugates. This research led to the development of 
lorvotuzumab mertansine, an ADC in clinical development for the treatment of 
SCLC and multiple myeloma  [  67,   83  ] . 

 Lorvotuzumab mertansine is composed of a humanized monoclonal IgG1 anti-
body (lorvotuzumab) attached to the potent microtubule-targeting  agent, the 
thiol-containing maytansinoid, DM1 ( N 2 ¢ -deacetyl- N 2 ¢ -(3-mercapto-1-oxopropyl)
maytansine)  [  46,   67,   84,   85  ] , through reaction of its thiol group with the disul fi de-
containing linker,  N -succinimidyl 4-(2-pyridyldithio)pentanoate (SPP). Figure  16.1a  
shows the chemical structure of the linked maytansinoid in the CD56-targeting 
ADC.  



27716 Targeting CD56 (NCAM)-Expressing Neoplasms with Lorvotuzumab Mertansine

  Fig. 16.1    The structure of lorvotuzumab mertansine. ( a ) The chemistry of the linker-DM1 moiety 
attached to lorvotuzumab via an amide bond to amino groups of lysine residues.  n  = about 3.7 DM1 
molecules linked per antibody molecule. ( b ) Analysis of a research sample of deglycosylated lor-
votuzumab mertansine by mass spectroscopy showing the mass distribution pro fi le  [  98  ] . The aver-
age maytansinoid load was 3.9 per antibody molecule for this experimental test material. The label 
 D1 ,  D2 , etc., identi fi es the mass peaks of antibody linked to one DM1, two DM1s, etc.         

lorvotuzumaba mertansine

Linker DM1

n = about 3.7 DM1 molecules linked per antibody molecule

   The Antibody Component of Lorvotuzumab Mertansine 

 The murine monoclonal antibody, N901, is an immunoglobulin of the IgG1 kappa 
subclass that was generated at the Dana–Farber Cancer Institute (Boston, 
Massachusetts) by Grif fi n and colleagues, by immunizing mice with human 
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chronic myeloid leukemia cells  [  10  ] . The antibody was found to bind to an anti-
gen known as CD56 identi fi ed to be expressed on all NK cells and a minority of 
T cells  [  1,   10  ] , an antigen that was later determined to be identical to NCAM  [  1,   9  ] . 
The N901 antibody, which has an apparent equilibrium dissociation constant of 
1.1 × 10 -10  M as measured by indirect immuno fl uorescence assays utilizing FACS 
on an SCLC cell line  [  86  ] , and 2 × 10 -12  M as measured under equilibrium condi-
tions by ELISA methods utilizing isolated plasma membranes from CD56-positive 
cells  [  87  ] , was humanized by complementarity determining region grafting  [  88  ] . 
The binding properties of the humanized antibody, lorvotuzumab (also known as 
huN901), were indistinguishable from those of the “parent” N901 antibody as 
measured in a variety of binding assays  [  88  ] .  

   The Cytotoxic “Payload” Component of Lorvotuzumab Mertansine 

 Initial studies examined two potent cell-killing agents, DM1  [  85  ]  and DC1  [  89  ] , 
created for the purpose of conjugation to antibodies, as the cytotoxic effectors for 
constructing an ADC targeting CD56. DM1 is a derivative of maytansine, a natural 
product that targets microtubules that was originally isolated from the Ethiopian 
shrub,  Maytenus serrata   [  90–  92  ] . DM1 induces mitotic arrest, ultimately resulting 
in cell death, at concentrations as low as 10 pM, likely by suppression of microtu-
bule dynamic instability  [  93–  96  ] . DC1 is a derivative of adozelesin 2, which is simi-
lar in its structure to CC1065  [  89  ] . CC1065 and its analogues, including    adozelesin 
and duocarmycins, bind with high af fi nity to the DNA minor groove and then alky-
late DNA at adenine bases, enabling the cytotoxin to kill cells at sub-nanomolar to 
picomolar concentrations (reviewed in  [  89  ] ). 

 DC1 was conjugated to either murine or humanized N901 via a disul fi de-
containing linker and tested in vitro using the CD56-expressing SCLC cell line, 
SW2  [  89  ] . The conjugates were potent in killing SW2 cells (IC 

50
  ~ 0.1 nM after a 

24 h exposure), and this activity was CD56-selective, being 200- to 400-fold less 
cytotoxic for antigen-negative cells. However, evaluation of the therapeutic window 
of a number of DC1-containing ADCs in vivo suggested that the window was not 
wide enough for development of effective clinical compounds  [  67,   68 ,  89  ] , and so 
research focused on the maytansinoid payload for creating an ADC for clinical 
development against CD56-expressing cancers.  

   The Linker Moiety and Final Design of Lorvotuzumab Mertansine 

 Lorvotuzumab was modi fi ed by reaction of the  N -hydroxysuccinimide ester group 
of the SPP linker with lysine amino groups of the antibody to form stable amide 
bonds. The pyridyldithio groups so attached provide the site of linkage to DMI via 
thiol-disul fi de exchange reactions resulting in a hindered disul fi de-containing bond 
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between the attached linker and the DM1  [  46,   67,   83–  85  ] . The SPP linker/DM1 
combination was selected based on optimal activity in preclinical in vivo models of 
antitumor activity  [  84,   97  ] . The linker reaction is controlled so that about 3.7 DM1 
molecules are linked per antibody molecule. Analysis of deglycosylated conjugate 
by mass spectroscopy indicates that at this average DM1 per antibody load, the 
distribution of conjugated species is very consistent and approximates a binomial 
distribution of masses as shown in Fig.  16.1b   [  98  ] , with the predominant peaks cor-
responding to 2, 3, and 4 molecules of DM1 linked per antibody and very low 
amounts of species with either 0 or with 6 (or more) linked DM1/antibody  [  98  ] . 
Peptide mapping studies indicate that about half of the 86 lysine residues in lorvo-
tuzumab participate in the reaction with SPP; thus, each is only partially modi fi ed at 
the average modi fi cation level of 3.7 linker-DM1 moieties per antibody molecule  [  98  ] . 
The overall average molecular weight of lorvotuzumab mertansine is about 
152,000 Da (including the endogenous glycosylation of the CHO cell-produced 
antibody), and linked maytansinoid comprises approximately 1.8% by weight.   

   Mechanism of Action of Lorvotuzumab Mertansine 

 The maytansinoid payload of lorvotuzumab mertansine is a mitotic inhibitor that 
interferes with the formation of microtubules likely by suppression of microtubule 
dynamic instability [ 93 – 96 ]. Proliferating cells treated with this agent arrest in the 
G2/M phase of the cell cycle and eventually die by apoptosis  [  91  ] . Maytansine 
competes with  vinca  alkaloids for the same binding site on tubulin  [  93  ] , although it 
is 100–1,000-fold more potent, and its activity pattern does not cluster with other 
tubulin-acting agents across the NCI 60 panel of human cancer cell lines  [  99  ] . 

 Lorvotuzumab mertansine displays potent in vitro cytotoxicity toward CD56-
positive cells  [  100  ] . For example, the IC 

50
  on the neuroblastoma cell line, IMR32, is 

about 60 pM, while there was no inhibition of cell growth at 1.5 nM when tested on 
the antigen-negative colon cancer cell line, COLO 205 (both cell lines were equally 
sensitive to maytansine). When cells of a multiple myeloma cell line were exposed to 
lorvotuzumab mertansine, the proportion of cells in the G2/M phase of the cell cycle 
was signi fi cantly increased after 48 h of exposure  [  46  ] , consistent with the mechanism 
of action of agents that interfere with microtubule dynamics resulting in cell cycle 
arrest  [  91  ] . This is then followed by increased apoptotic cell death  [  96,   101  ] . 

 Internalization appears to be an obligatory step for cell killing by ADCs  [  96, 
  102  ] . CD56 is endocytosed via a clathrin-dependent pathway  [  103,   104  ] , indicating 
that the immunoconjugate molecules bound to CD56 on the cell surface are able to 
be delivered inside the cell.    Experiments with lorvotuzumab mertansine in which 
the DM1 moiety was radiolabeled, which are analogous to those conducted with 
other maytansinoid conjugates  [  105,   106  ] , con fi rm that the ADC binds to the cell 
surface antigen and is internalized and routed into the lysosomal degradation path-
way. There the antibody moiety is completely degraded to its constituent amino 
acids, yielding lysine-SPP-DM1 as the initial intracellular maytansinoid metabolite. 
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In the reducing environment of the cytoplasm of the cell, the disul fi de in the lysine-
SPP-DM1 metabolite is subject to further cleavage by thiol-disul fi de exchange reac-
tions to release the free thiol, DM1  [  107,   108  ] . It is possible that some DM1 also is 
released intracellularly from pre-lysosomal compartments by thiol-disul fi de 
exchange reactions within the cell, as has been shown in experimental systems uti-
lizing cell lines with poor lysosomal processing rates  [  109  ] . Such evidence suggests 
that in the case of lorvotuzumab mertansine, both mechanisms of intracellular 
release of active maytansinoid may be operative, as illustrated in Fig.  16.2 . 
Examining elimination of metabolites from the body in preclinical studies, Erickson 
and colleagues have shown that DM1 is readily  S -methylated in the liver by an 
endogenous  S -methyl-transferase to form  S -methyl-DM1, which is then subject to 
oxidation by liver enzymes to form the less cytotoxic sulfoxide and sulfone deriva-
tives which are eliminated in the bile  [  107,   110  ] .  

    Lorvotuzumab induces NK-cell-mediated antibody-dependent cellular cytotoxicity 
(ADCC) in a dose-dependent manner on target cells expressing high levels of CD56 
(estimated at  ³ 150,000 antibody-binding sites per cell), an activity that was conserved 
following conjugation to DM1  [  111  ] . While the antibody and its DM1-conjugate 
also bind to CD56 on the surface of the NK cells, as well as to the target tumor cells, 
neither the antibody nor its conjugate have any effect on NK cell function  [  10,   111  ] . 
The lack of activity of the ADC on NK cells is related, at least in part, to the relatively 
low surface expression of CD56 molecules on NK cells, which have an average of 
only about 2,500 anti-CD56 antibody-binding sites per cell (range 950–9,000; 
ImmunoGen Inc., internal data). Noteworthy in this regard is the relatively poor 
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  Fig. 16.2    Schematic representation of the mechanism of action of lorvotuzumab mertansine. The 
drawing is based on studies by Erickson and colleagues  [  105–  108  ]  that established the mecha-
nisms of release of active maytansinoid metabolites within tumor cells       
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activity of AVE9633, an anti-CD33 antibody-maytansinoid conjugate evaluated for 
treatment of acute myeloid leukemia (AML). While CD33 is a speci fi c marker for 
myeloid cells and AML, nearly 90% of patient AML cells expressed less than 10,000 
CD33 antigens/cell, with the majority having <5,000 antigens/cell; the poor activity 
of the conjugate was attributed to the relatively low antigen expression  [  112  ] . 
Neither the “naked” lorvotuzumab antibody nor its conjugate shows any comple-
ment-dependent cytotoxicity on tumor target cells  [  111  ] . “Naked” lorvotuzumab 
has not been shown to exhibit any direct antiproliferative or proapoptotic activity on 
cell lines in vitro, or any antitumor activity in vivo, prior to its conjugation with 
maytansinoids  [  46,   67,   84  ] .  

   Activity of Lorvotuzumab Mertansine in Preclinical Models 

 Studies evaluating the in vivo ef fi cacy of lorvotuzumab mertansine were conducted 
in immunode fi cient mice bearing subcutaneous xenografts of human CD56-positive 
tumor cell lines derived from SCLC, multiple myeloma, and ovarian cancer. 
Signi fi cant antitumor activity, including complete regressions, were observed with 
lorvotuzumab mertansine as a single agent. For example, treatment of mice bearing 
bulky subcutaneous xenografts (~300 mm 3 ) of the NCI-H929 multiple myeloma 
cell line with a  single  intravenous dose of about 13 mg/kg of the ADC resulted in 
complete regressions in 6/6 tumors, with 5 of 6 mice remaining tumor-free until the 
end of study, as shown in Fig.  16.3 . These results are similar to the results of Tassone 
and colleagues obtained with the OPM2 multiple myeloma xenograft model  [  46  ] . 
Lorvotuzumab mertansine shows a similar high level of antitumor activity in a vari-
ety of SCLC models  [  67,   84,   100  ] , and in addition, antitumor activity has been dem-
onstrated in two CD56-positive xenograft models of ovarian cancer  [  50  ] . Mixtures of 
lorvotuzumab and free maytansine, as well as a nonbinding irrelevant DM1 conju-
gate, were shown to have no effect on tumor growth in several of these models (e.g., 
Refs.  [  46,   67  ] ), indicating that the complete lorvotuzumab mertansine conjugate 
was required for activity and con fi rming the lack of antitumor activity of the “naked” 
antibody. Lorvotuzumab mertansine also showed strong antitumor activity in vivo 
toward a number of CD56-positive pediatric cancer cell line xenografts (neuroblastoma, 
rhabdomyosarcoma, Wilms’ tumor), evaluated under the Pediatric Preclinical Testing 
Program of the National Cancer Institute  [  113  ] , and was active against malignant 
NK/T cells  [  114  ] . The preclinical results provide a strong rationale for the development 
of lorvotuzumab mertansine for clinical use, the activity of the immunoconjugate 
comparing very favorably with standard chemotherapeutic treatments in a variety of 
xenograft models  [  67,   84,   100  ] .  

 The activity of lorvotuzumab mertansine combined with standard-of-care che-
motherapeutic regimens was assessed in SCLC, multiple myeloma, and ovarian 
cancer xenograft models  [  84,   100,   115,   116  ] . In a model of resistant SCLC using 
NCI-H69 xenografts, where treatment with a standard doublet of carboplatin 
(80 mg/kg on day 1) and etoposide (5 mg/kg on days 1–5) or with lorvotuzumab 
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mertansine (18 mg/kg on days 1 and 8) was inactive or only marginally active at the 
doses tested, the triple combination treatment showed signi fi cant antitumor activity 
with partial regressions observed  [  84  ] . These doses of lorvotuzumab mertansine 
were well tolerated by the SCID mice, with no weight loss observed as a conse-
quence of dosing. Lorvotuzumab mertansine in combination with bortezomib or 
lenalidomide demonstrated additive or greater-than-additive antitumor activity, as 
compared to treatment with each single agent in several multiple myeloma xeno-
graft models  [  115,   117  ] . Combination activity of the conjugate with a paclitaxel/
carboplatin doublet, liposomal doxorubicin, topotecan, and gemcitabine was also 
explored in an ovarian xenograft mouse model using the COLO 720E cell line  [  116  ] . 
The combinations were highly active, more so than the individual therapeutic regi-
mens with an increase in the incidence of partial and complete responses in these 
models over single-agent treatments. The favorable toxicity pro fi le of lorvotuzumab 
mertansine, similar to that of other maytansinoid immunoconjugates investigated to 
date  [  83  ] , and the preclinical results showing increased activity and more durable 
responses in combination regimens suggest that lorvotuzumab mertansine combina-
tions with approved agents should be well tolerated and could provide signi fi cant 
therapeutic bene fi t to cancer patients.  
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  Fig. 16.3    Dose-dependent activity of lorvotuzumab mertansine against established CD56/
NCAM—positive multiple myeloma tumor xenografts in SCID mice. SCID mice were inoculated 
subcutaneously with cells of the NCI-H929 multiple myeloma cell line. Groups of mice (6 per 
group) were treated with a  single  intravenous injection of lorvotuzumab mertansine (average may-
tansinoid load of 3.0 per antibody molecule for this experimental test material) at the doses indi-
cated (given as mg of antibody in the conjugate), when the xenografts were large, approximately 
300 mm 3  in size. One group received vehicle (buffered saline). Mean tumor volume of each group 
versus day postinoculation is plotted in the graph. At the highest dose tested, 5 of 6 mice were 
tumor-free at the end of the study       
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   Early Clinical Development of Lorvotuzumab Mertansine 

 Lorvotuzumab mertansine has been evaluated clinically in three phase I dose-
escalation studies exploring three different schedules of administration, in both 
solid tumors and a hematologic cancer. In SCLC and other CD56-expressing solid 
tumors, the dosing regimens of weekly for 4 weeks on a 6-week cycle  [  118–  120  ]  
and daily for 3 consecutive days given every 3 weeks  [  121  ]  were evaluated in clini-
cal trials. In multiple myeloma, a regimen of dosing weekly for 2 weeks given on a 
3-week cycle was studied  [  122,   123  ] . Currently, lorvotuzumab mertansine is being 
studied in combination with lenalidomide plus dexamethasone in multiple myeloma 
and in combination with carboplatin and etoposide in SCLC. Table  16.1  summa-
rizes the number and type of patients enrolled in each of these  fi ve clinical studies, 
a safety database of over 260 patients treated.  

 A phase I trial in CD56-positive solid tumors established 75 mg/m 2  (~2.0 mg/kg) 
as the maximum tolerated dose (MTD), when lorvotuzumab mertansine was admin-
istered daily for 3 consecutive days every 3 weeks, and the recommended phase II dose 
from this schedule was 60 mg/m 2   [  121  ] . In multiple myeloma, a phase I dose-escalation 
trial established 112 mg/m 2  (~3.0 mg/kg) as the MTD when lorvotuzumab mertansine 
was administered weekly for 2 consecutive weeks every 3 weeks  [  122  ] . The dose 
intensity at the MTD was similar for the two regimens (224–225 mg/m 2  over 
3 weeks). The half-life of the conjugate was about 1–1.5 days at doses  ³ 60 mg/m 2  
across all studies. This is relatively short for an antibody-based therapeutic, likely 
due to antigen-mediated clearance via the normal tissue antigen sink of CD56-
expressing NK cells  [  118  ] . The most common side effects were grade 1 or grade 2 
including headache, fatigue, neuropathy, elevated transaminases, nausea/vomiting, 
and myalgia. Dose-limiting toxicities (DLTs) in patients dosed at 140 mg/m 2  weekly 
for 2 weeks every 3 weeks in the multiple myeloma trial were grade 3 fatigue in two 
of six patients and grade 3 acute renal failure in one of these two patient  [  122  ] . 
Grade 3 toxicities of myalgia (one patient) and headache and back and shoulder 
pain (one patient) were the DLTs seen in the two patients dosed at 94 mg/m 2  given 
daily for 3 days on a 3-week cycle in the solid tumor trial  [  121,   124  ] . Earlier  fi ndings 
of dose-limiting headache, with an onset within about 8 h and largely resolved by 
about 48 h seen in the  fi rst lorvotuzumab mertansine phase I clinical trial  [  118  ] , 
were not seen in later studies once routine low-dose steroid prophylaxis was utilized 
prior to treatment  [  121,   122,   124  ] . Such prophylaxis was not utilized in study 001 
(Table  16.1 ), likely leading to an overall lower estimate of MTD in the study (60 mg/
m 2 ). Overall, there were no clinically signi fi cant changes in hematologic parameters 
with no evidence of clinically signi fi cant myelosuppression. Manageable minimal 
to mild peripheral neuropathy, a commonly seen side effect of tubulin-acting cyto-
toxic agents, was observed across all the phase I studies, with grade 1 or grade 2 
neuropathy seen in about 30% of patients (most patients had been heavily pretreated 
with multiple chemotherapy regimens, including agents known to induce neuropa-
thies). There were few observations of grade 3 neuropathy (2.5% of patients) and no 
grade 4 observations in the phase I studies  [  118–  122,   124  ] . 
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 Encouraging signals of antitumor activity were reported in these three phase I 
studies of single-agent lorvotuzumab mertansine. In multiple myeloma, of the 37 
patients treated at doses ranging from 40 mg/m 2  to 140 mg/m 2  (25 patients treated 
at  ³ 112 mg/m 2 ), there were three objective partial responses and three objective 
minimal responses, while 15 patients had stable disease for  ³ 3 months for an overall 
clinical bene fi t rate of 41%  [  122,   125  ] . The responses in this heavily pretreated 
phase I patient population were quite durable, with  fi ve of six lasting from about 30 
weeks to about 75 weeks  [  125  ] . In the two trials of CD56-positive solid tumors, 
study 001 which was a phase I/II trial (32 patients in each part) and study 002 which 
was a phase I trial with an expanded cohort at MTD (Table  16.1 ), there were two 
partial responses (one uncon fi rmed) and 15 patients with clinically meaningful dis-
ease noted from the 68 patients with SCLC from among the 113 total patients treated 
in these two clinical studies  [  119–  121,   124  ] . Among the eight patients with Merkel 
cell carcinoma (MCC) among the 45 evaluable patients on the trial evaluating 
daily × three dosing every 3 weeks  [  121  ] , there were two complete responses and 
three patients with clinically meaningful stable disease (4 to 7+ cycles of treatment). 
While numbers are small, these are remarkable  fi ndings in this rare, aggressive 
small cell cancer of the skin—the median survival of metastatic MCC is only about 
7 months  [  126  ] . The  fi ndings of activity in MCC support the observations of activity 
in SCLC since these aggressive cancers are similar in both cell morphology and in 
the dismal outcome of their clinical course and are both treated with similar chemo-
therapy regimens ( cis - or carboplatin plus etoposide). 

 Based on these promising signals of clinical activity in these dif fi cult-to-treat 
cancers and on the preclinical results reporting improved antitumor activity of lor-
votuzumab mertansine in combination with chemotherapeutic regimens as described 
above  [  100,   115–  117  ] , coupled with the acceptable tolerability pro fi le of lorvotu-
zumab mertansine, in particular the lack of clinically meaningful myelosuppression 
 [  121,   122,   124  ] , development is now focused on combination treatment regimens. 
Table  16.1  lists two such studies now under way. One (study 0005) is a clinical trial 
of lorvotuzumab mertansine given weekly for 3 weeks every 4 weeks in combina-
tion with lenalidomide and low-dose dexamethasone in multiple myeloma patients 
 [  125,   127  ] , and the second (study 0007) is a study of the conjugate given weekly for 
2 weeks every 3 weeks in combination with carboplatin and etoposide in patients 
with SCLC (  http://clinicaltrials.gov    ). The early experience reported with the lorvo-
tuzumab mertansine plus lenalidomide/dexamethasone combination in a single arm 
study ( fi rst 13 evaluable patients) demonstrates encouraging activity for this regi-
men in this heavily pretreated population (most patients had received  ³ 3 prior thera-
pies including an immunomodulatory agent), with 9 of 13 evaluable patients 
demonstrating clinical bene fi t including  fi ve patients with a very good partial 
response, three with partial response, and one with minor response  [  125,   127  ] . 
Additionally, the combination showed activity in four patients whose cancers had 
mutations associated with poor outcomes. In the SCLC trial, the combination study 
with carboplatin/etoposide was planned as a randomized phase II trial in the setting 
of previously untreated SCLC patients with extensive-stage disease, after an initial 
dose-escalation phase (not restricted to SCLC patients) to establish the combination 

http://clinicaltrials.gov
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regimen. In the phase II part of the study, patients will be randomized 2:1 to receive 
up to six cycles of carboplatin/etoposide plus lorvotuzumab mertansine followed by 
maintenance with the ADC until progression or to receive up to six cycles of the 
standard of care only. The phase II portion began in March 2012; however, results 
have not yet been reported for this study (see   http://clinicaltrials.gov    ).  

   Conclusion 

 In summary, single-agent lorvotuzumab mertansine has shown promising prelimi-
nary evidence of clinical activity in advanced stage SCLC, MCC, and multiple 
myeloma. The conjugate has demonstrated a favorable safety pro fi le with manage-
able side effects and no evidence of clinically signi fi cant myelosuppression. Its tol-
erability pro fi le and encouraging single-agent activity provide a sound rationale for 
exploration of lorvotuzumab mertansine in combination with standard treatment 
regimens for patients with CD56-positive tumors. Additionally, the single-agent 
safety pro fi le supports the potential to utilize this conjugate in a maintenance setting. 
Ongoing clinical development is focused on assessing combination treatment for 
SCLC with the potential to expand to treatment of other CD56-positive tumor indi-
cations such as multiple myeloma, ovarian cancer, a variety of neuroendocrine 
tumors, and pediatric tumors including neuroblastoma.      
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 Antibody–drug conjugates (ADCs) are targeted anticancer agents that utilize the 
speci fi city of monoclonal antibodies (Ab) to deliver potent cell-killing agents 
speci fi cally to cancer cells that express the target antigen  [  1–  3  ] . The two most 
advanced ADCs brentuximab vedotin (SGN-35, Adcetris ® ) and trastuzumab 
emtansine (trastuzumab-DM1, trastuzumab-SMCC-DM1, trastuzumab-MCC-
DM1, T-DM1) have shown favorable ef fi cacy and safety in the clinic. SGN-35 
recently received accelerated approval from the FDA for the treatment of patients 
with Hodgkin lymphoma and anaplastic large-cell lymphoma (ALCL) (see Chap   . 
10) and T-DM1 is in several advanced clinical trials for the treatment of HER2-
positive metastatic breast cancer (see    Chap. 11). 

 Both T-DM1 and SGN-35 are armed with highly potent antimitotic cell-killing 
agents (Fig.  17.1 ). SGN-35 is comprised of an average of four auristatin molecules 
(MMAE) linked to the chimeric anti-CD30 IgG1 antibody via a protease-cleavable 
dipeptide linker, and T-DM1 is comprised of an average of 3.5 maytansinoid mole-
cules (DM1) linked to the HER2-binding antibody, trastuzumab, via a non-reducible 
thioether linker. SGN-35 and T-DM1 were both found to be active and well toler-
ated in several preclinical studies. SGN-35 was shown to be highly cytotoxic toward 
multiple CD30-expressing cancer cells in vitro and in several mouse xenograft 
models  [  4–  6  ] . T-DM1 was found to be highly active toward HER2-positive breast 
carcinoma cancer cells and displayed antitumor ef fi cacy in several trastuzumab- and 
lapatinib-resistant breast xenograft models  [  7,   8  ] . Both conjugates were found to be 
well tolerated in rodent models at doses much higher than their minimally effective 
doses in mouse xenograft models  [  6,   8  ] . T-DM1 was also found to retain the anti-
body-dependant cell-mediated cytotoxicity (ADCC) and the inhibitory mechanisms 
associated with trastuzumab  [  7  ] .  
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 Efforts are underway to understand the factors that contribute to the clinical suc-
cesses of T-DM1 and SGN-35. Maytansinoids and auristatins inhibit tubulin polym-
erization in vitro, and exposure of cells to low concentrations of each results in rapid 
arrest in the G2/M phase of the cell cycle. Radioactive and LC/MS-based assays 
have been developed that can characterize low levels of catabolites  [  9–  13  ] . Tritium 
and carbon-14 were incorporated into the DM1 and MMAE portions of T-DM1 and 
SGN-35, respectively  [  10,   12,   14  ] . The radioisotopes were incorporated at stable 
sites within the molecules where they would not exchange or be readily metabo-
lized Fortunately, maytansinoids and auristatin (MMAE) are highly stable, allowing 
for their isolation in high yields from organic extracts of cells and tissues.  

   Activation of T-DM1 In Vitro 

 Activation of several Ab-SMCC-DM1 conjugates was shown to occur via catabo-
lism of the antibody component within the targeted cancer cells in vitro to yield 
lysine-SMCC-DM1  [  10,   15,   16  ] . Recently, T-DM1 was speci fi cally shown to be 
activated by producing the same catabolite (Fig.  17.2 )  [  17  ] . HER2-positive breast 
carcinoma cells were exposed in vitro to T-[ 3 H]DM1 for 2–3 h on ice, washed, and 
then incubated in fresh culture medium. This short exposure format allows for just 

SGN35

T-DM1

  Fig. 17.1    Structures of T-DM1 and SGN-35       
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  Fig. 17.2    Activation of trastuzumab-DM1 conjugates in HER2-positive breast carcinoma cells 
BT474EEI. ( a ) HPLC radiograms of the target-cell catabolites following exposure of BT474EEI 
cells to T-[ 3 H]DM1. Cells were harvested at 3, 6, 9, and 24 h and analyzed for maytansinoids. The 
chromatograms show the fraction number (abscissa) and the counts per minute (ordinate). 
( b ) Scheme for the activation of T-DM1. ( c ) Rates for the catabolism of T-DM1. The concentration 
lysine-SMCC-DM1 (  fi lled squares ) was calculated from the radioactivities in A and plotted versus 
time. The corresponding concentration of intact conjugate still associated with the cells (  fi lled 
circles ) was determined from the radioactivity associated with the acetone precipitates. (  fi lled 
triangles ) Total maytansinoid levels. Adapted from  [  17  ]        
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a single round of antigen-mediated catabolism and provides an accurate mea-
sure for the rate of antigen-mediated catabolism  [  13  ] . Accumulation of lysine-
SMCC-DM1 was observed in several HER2-positive breast cancer cell lines 
exposed to T-DM1. Catabolism was found to be ef fi cient with about 50% conver-
sion by 19 h in all cell lines tested. Ef fl ux of the lysine-SMCC-DM1 catabolite was 
observed in cells with high (10 6  antigens/cell) HER2 levels while no ef fl ux could be 
observed in the BT474EEI cells that have lower (0.25 × 10 6 ) HER2 levels  [  17  ] . The 
variable ef fl ux is consistent with the results of a separate study that suggest cellular 
ef fl ux occurs once a high enough concentration is achieved within the cells to saturate 

In vitro IC50 (nM)

DMx

a

A375 
(mel)

BJAB
(B-cell)

COLO205
(colon)

KB
(cervix)

MOLT-4
(T-cell)

maytansine 0.05 0.03 0.08 0.05 0.09

lysine-Nε-
SMCC-DM1

8 8 17 10 16

S-methyl-
DM1

0.02 0.01 0.03 0.02 0.03

  Fig. 17.3    Cytotoxic potency of lysine-SMCC-DM1. ( a ) Cell-killing activities of the maytansi-
noids were measured after 5 days using a WST-based cell viability assay. Adapted from  [  34  ] . 
( b ) COLO 205 cells were synchronized in S phase with a 24 h treatment of 2  m g/mL aphidicolin. 
The cells were released from S phase by the removal of aphidicolin and incubated with 10 -8  M 
DM1-SMe (version of DM1 that is stable in culture media), 3 × 10 -9  M huC242-SMCC-DM1, or 
left untreated FACS analysis was performed at 5, 10, and 18 h after aphidicolin release. Adapted 
from  [  10  ] . ( c ) Dynamic instability of microtubules in MCF7 cells following exposure to anti-
EpCAM-SMCC-DM1. Cells were exposed to 6.8 nmol/L conjugate (IC 

50
  concentration). Time-

lapse images of individual microtubules were recorded by epi fl uorescence microscopy and 
microtubule ends were tracked over time to determine the dynamic instability of individual micro-
tubules. Lysine-SMCC-DM1 levels (metabolite concentration AUC) were determined using 
anti-EpCAM-SMCC-[ 3 H]DM1 as described in Fig.  17.2 . Adapted from  [  16  ]        
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the tubulin-binding sites  [  11  ] . The rate for the HER2-mediated lysosomal degrada-
tion of  125 I-trastuzumab by HER2-positive SKBr3 cells was reported to be similar to 
the catabolism rate for T-DM1  [  18  ] , indicating that conjugation to DM1 does not 
affect the catabolism kinetics of trastuzumab. This is also consistent with another 
study that found T-DM1 to retain all the binding and activity properties associated 
with trastuzumab  [  7  ] .   

   Cytotoxic Potency of the Catabolite Derived from T-DM1 

 Several studies suggest that lysine-SMCC-DM1 is the active catabolite of T-DM1 
and other Ab-SMCC-DM1 conjugates. It is the sole catabolite found, and its forma-
tion within cancer cells has been found to precede the mitotic arrest of cells in G2/M 
 [  10  ] . In another study, a correlation was observed between the formation of lysine-
SMCC-DM1 within EpCAM-positive cancer cells exposed to an anti-EpCAM-
SMCC-DM1 conjugate and the suppression of tubulin dynamicity  [  16  ] . The 
lysine-SMCC-DM1 catabolite of T-DM1 displays poor cytotoxic potency (IC 

50
  

~7–17 nM) in cell-based viability assays compared to more lipophilic maytansi-
noids such as maytansine and  S -methyl-DM1 (Table  17.1 ). However, this is likely 
due to its limited cell permeability once released from a cell rather than poor inhibi-
tory activity. Taken together, these studies suggest that lysine-SMCC-DM1 levels 
may provide a pharmacodynamic marker for T-DM1 activity.   

   T-DM1 Has No Bystander Killing Activity 

 Antibody–maytansinoid conjugates prepared with cleavable disul fi de linkers, but not 
the uncleavable thioether linker of SMCC-DM1, were found to display cytotoxic 
potency toward both antigen-negative and antigen-positive cells when cocultured [  15  ] . 

   Table 17.1    Cytotoxic potencies of maytansinoids toward human carcinoma cell lines in vitro   

 Metabolites 

 In vitro IC 
50

  (nM) 

 A375 
(melanoma) 

 BJAB 
(B cell) 

 COLO205 
(colon) 

 KB 
(cervix) 

 MOLT-4 
(T cell) 

 Maytansine  0.045  0.033  0.081  0.047  0.09 
 Lysine- N    e   -SMCC-DM1  8.1  7.5  17  9.7  16 
  S -methyl-DM1 sulfoxide  9.7  7.1  17  23  19 
  S -methyl-DM1 sulfone  –  1.7  5.9  3.5  – 
  S -methyl-DM4 sulfoxide  0.55  0.55  1.3  2.0  1.9 
  S -methyl-DM4 sulfone  0.075  0.17  0.63  0.80  1.1 

  All metabolites were chemically synthesized. Cell-killing activities of the metabolites were 
measured after 5 days using a WST-based cell viability assay. Adapted from  [  34  ]   
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  Fig. 17.4    Scheme for the activation and bystander killing of antibody–maytansinoid conjugates. 
Adapted from  [  10  ]        

Eradication of the cancer cells that lack the target antigen in the mixture is often 
referred to as bystander killing. The poor cytotoxic potency of the lysine-SMCC-
DM1 catabolite in cell-based assays provides a likely explanation for the lack of 
bystander killing of antibody–maytansinoid conjugates that utilize uncleavable 
linkers such as T-DM1  [  15,   19  ] . On the other hand, the generation and subsequent 
ef fl ux of lipophilic maytansinoid catabolites of the disul fi de-linked conjugates pro-
vide an explanation for the ability of the disul fi de-linked conjugates to eradicate 
both cell populations (Fig.  17.4 )  [  10  ] . The identi fi cation of these low molecular 
weight diffusible catabolites in the tumor tissue of mice treated with the disul fi de-
linked anti-CanAg–maytansinoid conjugates provided additional support for 
bystander killing mechanisms in solid tumors  [  11  ] . Bystander killing mechanisms 
may overcome the numerous barriers that serve to limit access of antibody-based 
therapeutics to solid tumor targets  [  20–  22  ] .    
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   Activation of SGN-35 In Vitro 

 MMAE was designed to be released from SGN-35 after cleavage of the amide bond 
between the citrulline and PABC followed by fragmentation of the PABC spacer. 
Cell-free studies of SGN-35  [  23  ]  and antibody–doxorubicin conjugates utilizing the 
same linker  [  24  ]  demonstrated ef fi cient release of the cytotoxic moiety via cleavage 
of the linker upon treatment with cathepsin B. A short assay format similar to that 
described for T-DM1 in Fig.  17.2  was used to investigate the activation of  14 C-SGN-
35 within targeted cancer cells. SGN-35 was found to be converted to MMAE within 
CD30-positive L540cy Hodgkin lymphoma cells and Karpas299 ALCL cells  [  16  ] . 
The half-life for catabolism of SGN-35 to MMAE was found to be 22 h and 17 h in 
the L540cy and Karpas299 cells, respectively—similar to the 19 h half-life observed 
for T-DM1 (Fig.  17.2 ). Continuous exposure of the CD30-positive cells to SGN-35 
resulted in about two- to threefold more MMAE than was observed over the same 
time frame using the short exposure assays presumably due to new synthesis of 
CD30 at the cell surface during the course of the incubation  [  16  ] . Pretreatment of 
cells with the lysosomotropic agent chloroquine before exposure to SGN35 greatly 
diminished the levels of released MMAE, consistent with a MMAE release mecha-
nism that invokes lysosomal cleavage.  

  Fig. 17.5    Activation of SGN-35       
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   SGN-35 Has Bystander Killing 

 The MMAE catabolite formed within cells exposed to SGN-35 was found to ef fl ux 
from the cells and accumulate in the medium  [  12  ] . Unlike the lysine-SMCC-DM1 
catabolite of T-DM1 that has little cytotoxic potency once released from the cell, the 
MMAE catabolite is cell permeable and able to elicit bystander killing in a manner 
similar to that described for disul fi de-linked antibody–maytansinoid conjugates 
 [  15  ] . The results from an in vitro bystander assay showed effective elimination of 
antigen-negative Ramos Burkitt’s lymphoma cells that were cocultured with CD30-
positive cells following treatment of the mixed culture with SGN-35  [  12  ] . Both the 
CD30-positive cells and Ramos cells are highly sensitive (IC 

50
  = 0.04–0.21 nM) to 

unconjugated MMAE. The observed bystander activity may contribute to the 
impressive clinical activity of SGN35 in patients with Hodgkin lymphoma where 
CD30 expression is known to be heterogeneous  [  12  ] .  

   ADC Uptake into Solid Tumors 

 The amount of an antibody that binds to the individual tumor cells in a solid tumor 
in vivo is limited by several factors such as stromal and epithelial barriers that limit 
antibody penetration  [  20,   21,   25  ] . Antibody localization to tumors varies from 
0.003% to 0.008% of the injected dose of antibody per gram (ID/g) of tumor, depend-
ing on the tumor type, as measured in human clinical trials  [  26  ] . An ID/g of 0.01% 
reaching the tumor translates to a maximal antibody concentration at the tumor of 
about 200 nM following an antibody dose of 6 mg/kg. Tumor localization values in 
a mouse xenograft tend to be in the range of 5–20% ID/g  [  27,   28  ]  which gives a 
similar antibody concentration of 50–200 nM in the tumor following a dose of 6 mg/
kg. This is a therapeutically ef fi cacious concentration for ADCs like T-DM1 and 
SGN-35 that exert their cytotoxic effects towards cancer cells in vitro at picomolar 
concentrations  [  8,   12  ] . However, the antibody may not be distributed uniformly 
within the tumor resulting in areas of very high (lethal) concentrations and areas of 
low (sublethal) concentrations. Indeed, several studies have reported heterogeneous 
distribution of the antibody in the tumor tissue at doses in this range  [  29–  31  ] . 

 Uptake of T-[ 3 H]DM1 and a nonspeci fi c IgG1-SMCC-[ 3 H]-DM1 conjugate was 
assessed in mouse bearing BT474EEI xenografts following administration of a sin-
gle bolus i.v. dose of 10 mg/kg (Fig.  17.6 )  [  17  ] . The total maytansinoid concentra-
tion in the tumors (T-DM1 + catabolites) was found to reach a maximum level at 
about 1–2 days with peak concentration of approximately 9% ID/g (equivalent to 
700 nmol/L). The tumor uptake of the nonspeci fi c IgG1-SMCC-[ 3  H]-DM1 conju-
gate was found to be 2.3-fold lower (3.9% ID/g at 24 h). The concentration of the 
sole catabolite, lysine-SMCC-DM1, in the tumors was measured and found to 
steadily increase following administration to a maximal concentration of nearly 
150 nM at around 2 day (Fig.  17.7 ). The concentration of lysine-SMCC-DM1 
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achieved at the tumor was only twofold lower than the concentration observed in 
the cells exposed to T-DM1 in vitro shown in Fig.  17.2 , suggesting very high tumor 
delivery and activation of T-DM1  [  17  ] . The concentration of lysine-SMCC-DM1 in 
the tumors of the mice treated with the IgG-SMCC-DM1 control was  fi vefold lower. 
The higher ratio observed for the catabolite levels compared to the total maytansi-
noid levels shown in Fig.  17.6B  re fl ects an additional targeting bene fi t that improves 
the speci fi city window between the targeting and non-targeting ADCs. Consistent 
with these  fi ndings is the lack of antitumor activity in xenograft mouse models for 
non-targeting IgG-SMCC-DM1 conjugates  [  8  ] .   

 The uptake values for T-DM1 shown in Fig.  17.6  agree well with another study 
that reported values ranging from 9% ID/g to 23% ID/g for radiolabeled trastu-
zumab ( 111 In-DTPA-trastuzumab) and 2.7–8.6% for a nonbinding  111 In-DTPA-mIgG 
in several HER2-positive mouse xenograft models  [  28  ] . The wide variability in the 
nonspeci fi c IgG uptake led to a poor correlation between the uptake of trastuzumab 
and HER2 density. However, when the uptake values of trastuzumab were divided 
by the values for the nonspeci fi c IgG and replotted versus the antigen density, a 
strong correlation was observed (Fig.  17.8 ). The study highlights two important 
points. First, signi fi cant levels of antibody are taken up by tumors irrespective of 
speci fi c antigen binding. Second, as reported elsewhere  [  27  ] , large increases in the 
level of the target antigen result in only modest increases in tumor uptake.   
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  Fig. 17.6    HER2-dependent tumor localization of T-DM1. ( a ) Plasma clearance (  fi lled triangles ) 
and accumulation of total maytansinoids (T-DM1 + catabolites) (  fi lled circles ) following adminis-
tration of a single i.v. dose of 200  m g/kg (based on DM1 concentration ~10 mg/kg based on Ab 
concentration) of T-[ 3 H]DM1. Plasma concentration (  fi lled blue circles ) and total maytansinoid 
(  fi lled blue squares ) for non-targeting IgG1-MCC-[ 3 H]DM1 24 h after a single i.v. dose of 200  m g/
kg (based on DM1 concentration). Concentrations of conjugate in plasma (DM1 concentration) 
and total maytansinoid (conjugate + catabolites) in tumor were calculated from the total radioactiv-
ity in plasma and tumors samples, respectively. ( b ) The 24 h maytansinoid concentrations at the 
tumor from ( a ). Adapted from  [  17  ]        
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  Fig. 17.7    HER2-dependent tumor activation of T-DM1 to lysine-SMCC-DM1. ( a ) HPLC 
radiograms associated with the 2 d tumor catabolites of T-[ 3 H]DM1 (  fi lled gray squares ) and non-
targeting IgG1-SMCC-[ 3  H]DM1(  fi lled blue squares ). The radiograms show the fraction number 
(abscissa) and counts per minute of tritium ( CPM ) (ordinate). ( b ) Concentrations lysine-
SMCC-DM1 in the tumor tissue was calculated from the peaks of radioactivity in the radiograms 
like those shown in ( a ) and tumor weights. ( c ) The concentration of lysine-SMCC-DM1 in the 
tumors at 24 h from ( a ). Adapted from  [  17  ]        
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   Impact of Linker on the Tumor Uptake and Catabolism 
of T-DM1 

 During the preclinical development of T-DM1, several disul fi de-linked trastu-
zumab–maytansinoid conjugates were found to exhibit  similar  activity to T-DM1 in 
mouse xenograft models (Fig.  17.9 ,  [  8  ] ). The trastuzumab-SMCC-DM1 was found 
to be better tolerated in rats and display better pharmacokinetics than the trastu-
zumab-SPP-DM1 disul fi de-linked conjugate tested. Given its superior therapeutic 
window and favorable pharmacokinetics, trastuzumab-SMCC-DM1 (trastuzumab 
emtansine) was selected for clinical development  [  8  ] . To explore the role of the 
linker on the tumor delivery, the uptake and catabolism of trastuzumab-SPP-DM1 
were compared to trastuzumab-SMCC-DM1. As expected from previous reports  [  8,   19  ] , 
trastuzumab-SPP-DM1 had a faster plasma clearance than trastuzumab-SMCC-
DM1 (Fig.  17.10 ). As might be expected, slower trastuzumab-SMCC-DM1 clear-
ance translated to higher overall tumor concentrations (conjugate plus catabolites), 

  Fig. 17.8    Uptake of  111 In-DTPA-trastuzumb and non-targeting  111 In-DTPA-IgG1 in a panel of 
breast cancer xenografts at 72 h post injection. Five breast xenograft models in athymic mice with 
varying HER2 expression were evaluated for tumor uptake. Groups of three to four mice received 
a single i.v. dose of 10  m g  111 In-DTPA-trastuzumb or non-targeting  111 In-DTPA-IgG. Mice were 
sacri fi ced, and the tumors were collected, weighed, and counted for radioactivity in a  g -counter. 
Tumor uptake is expressed as a speci fi c uptake ratio ( SUR ) de fi ned as the uptake (%ID/g) of 
 111 In-DTPA-trastuzumab divided by the non-targeting  111 In-DTPA-IgG. For illustration, the arrow 
points to the data for one of the models where the uptake of  111 In-DTPA-trastuzumab was 9.0% and 
non-targeting  111 In-DTPA was 3.9% to give a SUR of 2.3. Adapted from  [  28  ]        
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  Fig. 17.9    Antitumor activity of 10 mg/kg (based on antibody dose) of trastuzumab–maytansinoid 
conjugates prepared with SMCC-DM1 and cleavable disul fi de-based linkers in mice bearing mam-
mary tumor transplants from the MMTV-HER2 Fo5 line. Adapted from  [  8  ]        
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  Fig. 17.10    The effect of linker on tumor delivery of trastuzumab-DM1. ( a ) Plasma clearance of 
conjugate ( top panel ) and accumulation of total maytansinoids ( middle ) and maytansinoid 
catabolites ( bottom ) in tumors following administration of a single i.v. dose of 200  m g/kg (based 
on amount of conjugated DM1) of T-[ 3 H]DM1 (  fi lled triangles ), T-SPP-[ 3  H]DM1 ( open circles ), 
5B6-MCC-[ 3 H]DM1 ( open squares ), and 5B6-SPP-[ 3 H]DM1 (  fi lled circles ) to mice. Concentrations 
of conjugate in plasma (DM1dose) and total maytansinoid (conjugate + catabolites) in tumor were 
calculated from the total radioactivity in plasma and tumors samples, respectively. The maytansinoid 
catabolite levels in the tumors were determined by the radioactivity associated with HPLC 
catabolites (lysine-SMCC-DM1 for T-DM1 and lysine-SPP-DM1 + DM1 for T-SPP-DM1). 
Adapted from  [  17  ]        
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but, unexpectedly, similar levels of tumor catabolite were observed (Fig.  17.8 ). 
These results indicate that while these different linkers have clear impact on the PK 
and the chemical nature of the catabolites formed, both linkers achieve the same 
active payload delivery to the tumor.    

   Catabolism and Hepatobiliary Clearance of T-DM1 

 Most of the administered dose of an antibody-based therapeutic is slowly catabo-
lized by the liver and other tissues of the reticuloendothelial system  [  32  ] . In a study 
in rats, the maytansinoid metabolites of T-DM1 were found to be eliminated pre-
dominantly through the feces  [  33  ] . Similar studies in mice indicate that the may-
tansinoid metabolites of disul fi de-linked antibody–maytansinoid conjugates are 
also cleared via hepatobiliary elimination. To investigate the fate during elimination 
of ADCs that utilize the SMCC-DM1 linker, the liver tissues of CD-1 non-tumor-
bearing mice were analyzed for maytansinoid metabolites following a single 15 mg/
kg dose of IgG-SMCC-[ 3 H]DM1  [  34  ] . To investigate the role of the linker compo-
nent, two disul fi de-linked ADCs, Ab-SPDB-DM4 and Ab-SPP-DM1, were also 
evaluated (Fig.  17.11 ). Shown in Fig.  17.12  are the metabolites isolated from the 
liver tissues. A stark difference was observed in the complexity of the observed liver 
metabolites for the three conjugates. Lysine-SMCC-DM1 was the only metabolite 
of the Ab-SMCC-DM1 conjugate observed, while the two disul fi de-linked conju-
gates had several metabolites observed. No other metabolites of Ab-SMCC-DM1 
were detected suggesting little if any metabolic modi fi cation of the maytansinoid 
macrocycle or the thioether linker indicating that lysine-SMCC-DM1 resists chemi-
cal alteration in the hepatocytes during clearance. An additional minor peak was 
identi fi ed as N2 ¢ -[3-[[1-[[4-(carboxy)cyclohexyl]methyl]-2,5-dioxo-3-pyrrolidinyl]
thio]-1-oxopropyl]-N2 ¢ -deacetylmaytansine (MCC-DM1, 22.5 min, M + Na = 997.4)—
an unconjugated maytansinoid species present at low levels in the pre-administra-
tion conjugate preparation (less than 5% of the total maytansinoid in the conjugate 
sample).   

 The corresponding lysine-linker-maytansinoid species were also observed in the 
liver extracts of mice treated with the disul fi de-linked conjugates. The additional 
observed metabolites suggest a degradation path for the conjugates shown in 
Fig.  17.13c  where initial lysosomal degradation in the liver and the rest of the tis-
sues of the reticuloendothelial system yields the corresponding lysine-linker-
maytansinoid. These disul fi de-linked species are further cleaved to yield the 
corresponding free maytansinoid thiols which in turn are  S -methylated. All catabo-
lites are ultimately eliminated through the liver where the  S -methyl-maytansinoid 
catabolites are oxidized to the corresponding  S -methyl sulfoxide and  S -methyl-
sulfone metabolites. These oxidized metabolites were found to have relatively low 
cytotoxic potency in cell-based viability assays (Table  17.1 ). Ef fi cient  S -methylation 
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  Fig. 17.11    Structural representation of antibody–maytansinoid conjugates evaluated for catabo-
lism and metabolism studies in mice       

and oxidation of the catabolites occurs in the liver prior to elimination  [  34  ] . 
Conversion of the antibody–maytansinoid conjugates to their corresponding lower 
potency metabolites may be important in minimizing GI distress in patients. Severe 
gastrointestinal toxicity was observed in patients treated with maytansine itself, the 
“parent” cytotoxic agent of DM1  [  35  ] . However, no signi fi cant gastrointestinal tox-
icity has been observed in patients treated with T-DM1 or disul fi de-linked conju-
gates  [  2,   36–  43  ] . This is possibly explained by the relatively lower cytotoxic potency 
of their expected catabolites and metabolites compared to the potency of maytansine 
(Table  17.1 ).  

 Mild and reversible elevation of liver enzymes and minimal degeneration of 
hepatocytes in both rats and monkeys were noted at high doses of T-DM1 in pre-
clinical studies  [  7,   8  ] . The lysine-SMCC-DM1 metabolite that is cytotoxic to cancer 
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  Fig. 17.12    Maytansinoid metabolites of cleavable and uncleavable [ 3 H]AMCs formed in liver. 
Mice were treated with a single 300  m g/kg dose (based on amount of conjugated DM1 or DM4) of 
mAb-SMCC-[ 3 H]DM1, mAb-SPP-[ 3 H]DM1, or mAb-SPDB-[ 3 H]DM4 and two mice from each 
group were sacri fi ced after 2 h, 6 h, 1 d, 4 d, and 7 d and liver tissues samples were collected. Liver 
tissues were homogenized and portions of the homogenates were extracted and analyzed for 
 3 H-maytansinoid metabolites by HPLC. The chromatograms show the fraction number on the 
abscissa and the counts per minute of tritium ( CPM ) on the ordinate. ( a ) The sole metabolite of the 
uncleavable conjugate is lysine-SMCC-DM1. ( b ) The  fi ve metabolites for mAb-SPP-DM1 are 
lysine-SPP-DM1, DM1,  S -methyl-DM1,  S -methyl-DM1 sulfoxide, and  S -methyl-DM1 sulfone. 
( c ) The corresponding  fi ve metabolites of mAb-SPDB-DM4 are lysine-SPDB-DM4, DM4, 
 S -methyl-DM4,  S -methyl-DM4 sulfoxide, and  S -methyl-DM4 sulfone. Catabolites were identi fi ed 
by LC/MS. Adapted from  [  34  ]        

cells where it is produced following intracellular degradation of T-DM1 may pos-
sibly be cytotoxic to liver cells during catabolism and clearance of T-DM1. 
Thrombocytopenia was the dose-limiting toxicity in patients treated with T-DM1 
with only minor increases in liver enzymes observed  [  36  ] . These observations sug-
gest that the exposure of liver tissue to lysine-SMCC-DM1 does not induce clini-
cally signi fi cant liver toxicity at doses expected to be ef fi cacious  [  8,   36  ] . One 
possible reason is mature, fully differentiated, nondividing cells of organs such as 
liver may be able to tolerate signi fi cant exposure to antimitotic agents.  
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   Conclusions 

 Optimizations of several parameters have markedly improved the ef fi cacy and 
tolerability of ADCs in preclinical models. These parameters include the target 
antigen, the choice of linker chemistry, the nature and potency of the cytotoxic 
agent, the number of cytotoxic agents linked, and the sites of conjugation  [  1,   2,   6, 
  44,   45  ] . Promising clinical data with T-DM1 and SGN-35 suggests that these 
improvements are translating to the clinic successes. Understanding how the various 
parameters contribute to the clinical success of these ADC may allow for further 
improvements to ADC technologies. The studies provide the  fi rst steps. Additional 
catabolism studies probing the in fl uence of individual parameters on ef fi cacy and safety 
of T-DM1 and SGN-35 should shed further light on the anatomy of an ideal ADC.      
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  Fig. 17.13    Degradation and elimination of antibody–maytansinoid conjugates. ( a ) Initial catabo-
lism of both cleavable and uncleavable conjugates yields the corresponding lysine-linker-may-
tansinoid (May) metabolites. For Ab-SMCC-DM1, lysine-SMCC-DM1 is the only observed 
catabolite. For the cleavable disul fi de-linked conjugates Ab-SPDB-DM4 and Ab-SPP-DM1, addi-
tional reduction yields DM4 and DM1, respectively. These free maytansinoid thiols are then meth-
ylated by an endogenous  S -methyltransferase to form  S -methyl-DM1 and  S -methyl-DM4. 
Subsequent oxidation steps yield the corresponding sulfoxide and sulfone metabolites. ( b ) The 
levels for the total maytansinoid metabolites in liver tissue for mAb-SMCC-[ 3 H]DM1 (  fi lled red 
squares ), mAb-SPP-[ 3 H]DM1 (  fi lled green circles ), and mAb-SPDB-[ 3 H]DM4 (  fi lled yellow tri-
angles ). The radioactivities associated with the metabolites in Fig.  17.12  were converted to pmol/g 
of metabolite using the speci fi c radioactivities of the DM1 and DM4 and the measured liver 
weights. ( c ) Amounts of the  fi ve observed metabolites of the disul fi de-linked conjugates at each 
time as percentages of total metabolite levels. The percentages for each of the  fi ve metabolites of 
the two disul fi de-linked conjugates were calculated by dividing the amount of each metabolite 
(pmol/g) by the sum of the  fi ve metabolites. ( a – c ) Adapted from  [  34  ]        
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         Background 

 The human epidermal growth factor receptor 2 (HER2), also known as ErbB2, 
c-erbB2, or HER2/neu, was initially discovered in 1985 by two independent labora-
tories  [  1,   2  ] . HER2/neu is a 185 kDa (1,255 aa) transmembrane receptor encom-
passing an intracellular tyrosine kinase domain and an extracellular ligand binding 
component  [  3–  5  ] . Extensive clinical studies have shown that overexpression of 
HER2/neu is found in 20–40% of patients with breast, ovarian, endometrial, gastric, 
bladder, prostate, and lung cancers. Studies clearly demonstrate that HER2/neu over-
expression correlates with the prevalence of metastatic spread of many tumors and 
is generally considered to be a poor prognostic indicator  [  6–  9  ] . 

 Since HER2/neu overexpression by tumor cells is quite speci fi c, therapies directed 
against this receptor have rapidly gained recognition for their selectivity and ef fi cacy 
in the clinical setting. While targeting of HER2/neu with humanized antibodies such 
as trastuzumab (Herceptin; Genentech) has proven to be an effective approach for the 
treatment of HER2/neu-overexpressing breast cancers, there are a signi fi cant number 
of patients with HER2/neu-positive tumors who do not respond or who acquire resis-
tance to this therapy  [  10–  13  ] . Therefore, there is a need for novel therapeutic 
approaches using HER2/neu not only as a target for interfering with the growth fac-
tor signaling component but also for receptor-mediated delivery of cytotoxic agents. 

 Immunotoxins are a novel approach for the development of highly speci fi c, 
targeted agents and which generally employ a powerful class of protein toxins 
 [  14,   15  ] . These include plant toxins such as ricin  [  16–  25  ] , saporin  [  26–  29  ] , and 
gelonin  [  30–  32  ] , which inactivate ribosomes, and single-chain bacterial toxins 
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 Diphtheria  toxin (DT)  [  33  ]  and  Pseudomonas  exotoxin (PE)  [  34–  43  ] , which ADP 
ribosylate elongation factor 2 (EIF2). Anti-HER2/neu immunotoxins have been 
created initially by chemically conjugating an antibody to a whole protein toxin 
or, for more selective activity, using a protein toxin devoid of its natural binding 
domain  [  19,   23,   30,   44  ] . Technical advances in antibody engineering now enable 
us to produce various antibodies or antibody fragments in  Escherichia coli , and as 
a result, HER2/neu-speci fi c antibodies and engineered fragments thereof have 
been developed to deliver various toxins to HER2/neu-positive tumor cells  [  45–
  51  ] . Various anti-HER2/neu immunotoxins which have been developed or are cur-
rently under evaluation are described in Table  18.1 .   

   Antibody–Drug Conjugates: Promise and Problems 

 Antibody-based therapeutics is of growing signi fi cance for cancer therapy. To date, 
two of the most promising strategies to enhance the antitumor activity of antibodies 
are antibody–drug conjugates (ADCs) and antibodies (or fragments) chemically 
conjugated or genetically fused to various toxins (immunotoxins). 

 One successful application of the ADC approach is Trastuzumab–DM1. This is 
a covalent conjugation of trastuzumab with the maytansinoid DM1—a highly toxic 
derivative of the antimitotic drug maytansine. The therapeutic potential of 
Trastuzumab–DM1 has been extensively investigated in both in vitro and in vivo 
models of trastuzumab sensitive and insensitive breast cancers  [  52–  56  ] . It has dem-
onstrated remarkable activity in phase I and II studies in which it was given to 
patients harboring trastuzumab-insensitive breast tumors  [  57,   58  ] . Furthermore, 
several other ADCs using anti-HER2/neu antibodies have been developed and have 
shown potent antitumor activity  [  59,   60  ] . Despite successful reports, it is important 
to note that this strategy has some limitations. The  fi rst is the limited reproducibility 
of chemical conjugation due to the fact that there are numerous coupling sites on an 
antibody molecule. Secondly, chemically modi fi ed antibodies have demonstrated a 
greater tendency to aggregate, especially when multiple drug molecules are conju-
gated to a single antibody. Furthermore, it is challenging to remove remaining 
unconjugated antibodies from the ADC mixture. Finally, the emergence of multi-
drug resistance (MDR and MRP) mechanisms in tumors from heavily treated 
patients may engender cross-resistance to ADCs. 

 With the development of recombinant DNA technology, anti-HER2/neu immu-
notoxins composed of antibodies (or fragments) and protein toxins have become a 
promising alternative approach for HER2/neu-positive tumors. Compared to the 
ADC approach, one attractive advantage of immunotoxins is that the targeting 
antibody and antitumor toxin can be produced directly as a single molecule, thus 
avoiding laborious chemical conjugation steps. In addition, the linkage between 
the toxin and targeting antibody is identical and exactly de fi ned in a given prepara-
tion of recombinant immunotoxin, thereby promoting homogeneity of the  fi nal 
product. Compared with chemical conjugates, genetically engineered immunotoxins 
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can be easily designed to enhance antitumor ef fi cacy. Finally, data suggests that the 
emergence of MDR cellular protection mechanisms in heavily pretreated patients 
may not impact cytotoxic effects of immunotoxins. 

 We have provided general principles for development of anti-HER2/neu immu-
notoxins, and current strategies to employ these molecules for directed cancer ther-
apy are discussed focusing mainly on design optimization to improve antitumor 
ef fi cacy and off-target toxicity.  

   Anti-HER2/neu Immunotoxins 

   Construction of Recombinant Immunotoxins 

 HER2/neu-overexpressing cancers are a model of disease for the development of 
 rationally designed targeted therapies. The scienti fi c advances in understanding the 
role of HER2/neu function, the structural aspects of HER2/neu function, and the sig-
naling partners and circuitry underlying tumorigenic HER2/neu signaling have afforded 
unique opportunities for rational drug design to target these pathways. The develop-
ment and application of various HER2/neu-targeted therapies has bene fi ted greatly by 
a more advanced understanding of HER2/neu function and biology  [  61,   62  ] . 

 Overall, strategies to enhance anti-HER2/neu immunotoxin potency include 
improvements to the af fi nity and speci fi city of targeting moiety, identi fi cation and 
incorporation of new and better toxins, reengineering known toxins for reduced 
immunogenicity, and designing novel linkers between toxins and targeting moieties 
to optimize toxin translocation to the cytosol  [  63–  66  ] . Numerous excellent reviews 
have previously compared the advantages and disadvantages of a variety of cyto-
toxic proteins including bacterial, plant, and mammalian toxins successfully 
employed for the construction of immunotoxins  [  67,   68  ] . This review will address 
how linker design and antibody af fi nity affect immunotoxins in tumor-speci fi c tar-
geted therapies. 

   Peptide Linker Designs 

 The development of various linkers which bridge disparate molecules such as small 
drugs conjugated to tumor-targeting carriers has been the subject of numerous stud-
ies for the past few years  [  69,   70  ] . Based on numerous prior studies, the incorpora-
tion and design of linkers is critical to the success of ADCs. Conceptually, an ideal 
linker must be stable in systemic circulation, while being ef fi ciently cleaved to allow 
rapid release of an active form of the drug once the construct has been internalized 
into the tumor cell target. To this end, a variety of linkers have been designed with 
different chemical structures and stabilities  [  71,   72  ] . Selection of an appropriate 
linker depends on the type of cancer and the required cytotoxic agent. Furin is a 
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cellular endoprotease and has been implicated in proteolytically activating large 
numbers of secreted proteins such as prohormones, growth factors, receptors, and 
viral glycoproteins. These proteins are synthesized as inactive precursors and must 
be proteolytically cleaved to become functionally mature. In previous studies, the 
inclusion of furin-cleavable linkers into fusion constructs containing ribotoxins, 
caspase3, or granzyme B (GrB) has demonstrated a signi fi cant improvement in 
speci fi c toxicity compared to constructs containing stable linkers  [  73,   74  ] . 

 The incorporation of cleavable linkers for immunotoxins is essential since, in 
general, the toxin components are enzymatically inactive in the construct until 
intracellular release from their cell-targeting carriers  [  75,   76  ] . For recombinant 
gelonin (rGel)-based constructs, the enzymatic ( N -glycosidase) activity of the toxin 
is preserved in the intact fusion constructs, eliminating the absolute necessity for 
intracellular release of the rGel component. Nevertheless, we explored a variety of 
different linker strategies to determine whether intentionally cleavable linkers 
offered an advantage over linkers which were designed for  fl exibility only. 
Illustrations of various immunotoxin constructs are shown in Fig.  18.1a . The initial 
rGel-based immunotoxins consisted of a  fl exible linker (GGGGS, “L”) tethering 
the C-terminus of the human anti-HER2/neu single-chain antibody (scFv) C6.5 to 
the native rGel N-terminus. The C6.5/rGel construct was further engineered by 
incorporating two different enzymatically sensitive furin cleavage linkers between 

a

b c

Fpe

rGel

rGelC6.5-Fpe-rGel

C6.5-L-rGel C6.5

C6.5

Fdt rGelC6.5-Fdt-rGel C6.5

L

C6.5 VH

VH

VH

VH

VL

VL

VL

VL

Kd

16nM
SSSN------YFQH A--DS

ML3-9 1nM
SSSN------YFQH S--YT

S--YT

S--YTTDRT------YFQH

TDRT------WLDN

B1D3

MH3-B1 0.12nM

0.013nM

C6.5/ML3-9/MH3-B1/B1D3-rGel cDNA

pET 32a
(Novagen)

BspHI

NcoI

XhoI

Bacterial Expression Vector

LscFv rGel

  Fig. 18.1    Construction and preparation of scFv/rGel immunotoxins. ( a ) Schematic diagram of 
immunotoxin constructs containing scFv C6.5, peptide linker (L, Fpe or Fdt), and rGel toxin. ( b ) 
Amino acid mutations and af fi nity parameters of the C6.5 and its mutants, ML3-9, MH3-B1, and 
B1D3. The listed amino acids for each scFv indicate mutations to the sequence and the substituting 
amino acids.  Dashes  indicate no changes from the original sequence. ( c ) Diagram of immunotoxin 
constructions containing scFv (C6.5, ML3-9, MH3-B1, or B1D3) and rGel       
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scFv and toxin components. The two furin-sensitive sequences designated “Fpe” 
(TRHRQPRGWEQL, 12 amino acid residues to PE273-284 sequence) and “Fdt” 
(AGNRVRRSVG, 10 amino acid residues to DT187-196 sequence), respectively.   

   Tumor-Targeting scFv 

 Previous studies identi fi ed a recombinant murine anti-HER2/neu scFv designated 
e23, and fusion constructs containing catalytic toxins such as PE and DT were 
shown to speci fi cally kill HER2/neu-expressing cells  [  33,   43  ] . A major drawback of 
such proteins is their potential for immune response after repeated administration. 
Repeated doses may cause hypersensitive reactions and lead to neutralization of the 
immunotoxins by antibodies directed against the nonhuman domains  [  77,   78  ] . The 
development of immunotoxins containing human or humanized components may 
circumvent these problems. Such immunotoxins may display reduced immunoge-
nicity although antibodies to the toxin components may still limit prolonged therapy 
 [  79,   80  ] . We previously reported in vitro characterization and in vivo antitumor 
ef fi cacy studies of an immunotoxin composed of the human chimeric anti-HER2/
neu antibody (BACH-250) chemically conjugated to rGel. The BACH-250/rGel 
conjugate demonstrated potent and speci fi c cytotoxicity against HER2/neu-overex-
pressing human tumor cells in culture and against ovarian SKOV3 tumor xenografts 
 [  30  ] . However, the potential problems of diffusion of relatively large molecules 
such as full-length antibodies into solid tumors have been extensively addressed by 
Jain et al.  [  81  ] . The treatment of solid tumors presents a signi fi cant challenge since 
therapeutic antibodies must diffuse into the tumor against a hydrostatic pressure 
gradient and into disordered vasculature. These theoretical issues may not limit 
clinical response with antibodies alone since higher applied doses may circumvent 
these effects  [  81–  83  ] , but it may not be possible to overcome these limitations with 
higher doses of antibody–drug conjugates or immunotoxins because these agents 
frequently have a much narrower therapeutic window. 

 Over the past decade, a variety of different anti-HER2/neu recombinant antibody 
formats have been engineered which are suitable for diverse therapeutic applica-
tions and include monovalent, bivalent, and multivalent derivatives; single- or dou-
ble-chain formats; and covalently or noncovalently linked assemblies of antibody 
heavy (V 

H
 ) and light chain variable domains (V 

L
 )  [  84–  89  ] . Among these, human 

scFv appear to be effective when utilized as targeting domains incorporated into 
chimeric fusion proteins. They consist of antibody V 

H
  and V 

L
  sequences genetically 

linked via a  fl exible linker, and they lack constant regions and Fc domains, thereby 
preventing possible binding to normal tissues and cells via interaction with Fc 
receptors. We previously engineered a series of novel fusion proteins created from 
various human anti-HER2/neu scFv designated C6.5 and various af fi nity mutants 
(designated ML3-9, MH3-B1, and B1D3, created by site-directed amino acid sub-
stitutions in the CDR3s). The af fi nities of the scFvs ranged from 10 -8  to 10 -11  M 
(Fig.  18.1b )  [  90,   91  ] . Recombinant immunotoxins containing each scFv and rGel 
were constructed by overlapping PCR and were designated C6.5/rGel, ML3-9/rGel, 
MH3-B1/rGel, and B1D3/rGel, respectively (Fig.  18.1c ).   
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   Functional Activity Analysis of Immunotoxins 

 Tumor-antigen af fi nity and speci fi city of scFvs are important variables which may 
impact off-target tissue distribution and toxicity in vivo. These attributes have led to 
the commonly held concept that scFv must have high af fi nity in order to be thera-
peutically relevant. However, studies by Adams et al. suggested that high-af fi nity 
scFv may be suboptimal vehicles and that lower-af fi nity scFv appear to diffuse more 
uniformly throughout the tumor interior  [  92,   93  ] . In addition, since the presence of 
shed tumor antigen has the potential to misdirect the targeted constructs through 
immune complex formation  [  64,   94  ] , higher-af fi nity scFv could potentially be less 
effective compared to lower-af fi nity constructs. Therefore, applying a series of 
rGel-containing fusion constructs composed of various linkers and scFv mutants 
with varying af fi nity to HER2/neu, we will examine the impact of construct design 
on in vitro cytotoxicity, pharmacodynamics, and antitumor ef fi cacy. Further inves-
tigations included the effect of antibody af fi nity on behavior in the presence of sol-
uble antigen, formation of immune complexes, and the coincident development of 
off-target toxicity.  

   In Vitro Studies: Impact of Various Design Modi fi cations 
on In Vitro Immunotoxin Cytotoxic Activity 

   Effects of Linker Design on Immunotoxin Potency and Functional Stability 

 Based on C6.5/rGel containing the universal  fl exible GGGGS linker, we introduced 
proteolytically cleavable linkers (Fpe and Fdt) and to examine whether this change 
would improve killing ef fi ciency. To investigate the susceptibility of various chime-
ric toxins to proteolytic cleavage, puri fi ed fusions were subjected to proteolysis 
with recombinant furin. As indicated in Fig.  18.2a , the Fdt linker was the most sen-
sitive to cleavage among all constructs tested. In contrast, cleavage of the molecule 
containing the Fpe linker was highly dependent on pH. As expected, the L linker 
was found to be comparatively resistant to intracellular protease action without 
regard to the pH.  

 The intracellular release of rGel after endocytosis of various C6.5/rGel fusion 
constructs was next assessed in SKOV3 cells (Fig.  18.2b ). Although the maximal 
rGel release of different fusions was achieved at different time points, the absolute 
amounts of delivered rGel found in the cytosol were virtually identical. Therefore, 
this data con fi rms the observation that introduction of an unstable furin cleavage 
linker does not improve the intracellular rGel release of the constructs. 

 The linkers tethering the C6.5 scFv and the rGel toxin demonstrated a differ-
ential sensitivity to protease action which may result in different clearance and 
metabolic kinetics in vivo  [  95,   96  ] . We next performed a stability study of the 
constructs in human plasma (Fig.  18.2c, d ). The binding activity and cytotoxicity 
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of the C6.5–Fdt–rGel construct was shown to be the least stable after incubation 
because of the instability of the Fdt linker. On the other hand, of all molecules 
tested, the C6.5–L–rGel demonstrated the highest degree of stability after plasma 
incubation. The two companion molecules with the furin-cleavable linkers Fpe or 
Fdt demonstrated signi fi cantly less stability in vitro. 

 Based on our studies, introduction of a furin-cleavable linker between C6.5 and 
rGel did not result in improved intracellular rGel release and cytotoxic effects 
in vitro, despite showing more sensitivity to protease cleavage and greater intracel-
lular release of the rGel component. On the other hand, the rGel-based molecules 
with the furin-cleavable linkers demonstrated signi fi cantly less functional stability 
in vitro. The enzymatic stability of the linker can seriously affect the pharmacoki-
netics of immunotoxins and can apparently impact loss of targeting function and 
in vivo ef fi cacy. Therefore, we clearly demonstrated the highly individualized nature 
of some payloads and targeted constructs and that observations regarding rGel may 
not necessarily translate to other payloads.  

  Fig. 18.2    Functional analysis of C6.5/rGel series immunotoxins in vitro. ( a ) Western blot analysis 
of furin cleavage of puri fi ed C6.5/rGel fusion constructs. ( b ) Western blot analysis of intracellular 
rGel release of C6.5/rGel fusions in SKOV3 cells. ( c ,  d ) Functional stability analysis of the fusions 
by whole-cell ELISA and cytotoxicity on SKOV3 cells. The proteins were incubated in human 
plasma at 37 °C for up to 72 h before test       
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   The Impact of scFv Af fi nity on Immunotoxin Activity 

 Although previous studies suggested that the binding af fi nity for antigen plays a 
pivotal role in the total concentration and penetration of scFv into tumors  [  92,   93  ] , 
few companion studies have been conducted to determine whether scFv-based 
immunotoxins display the same behavior with regard to the relationship between 
af fi nity, tumor penetration, tumor residence, and ef fi cacy. Therefore, based on the 
 fl exible GGGGS linker, we created a series of rGel-based immunotoxins from 
af fi nity mutants of the human anti-HER2/neu scFv C6.5. 

 To ensure that immunotoxins retained antigen binding ability, the fusion proteins 
were compared in an ELISA-based binding assay using HER2/neu-positive (SKBR3, 
BT474 M1) and HER2/neu-negative (MCF7) cells. All the scFv/rGel constructs 
demonstrated speci fi c and signi fi cant ELISA binding to HER2/neu-positive cells 
with negligible binding to negative cells (Fig.  18.3a ). The equilibrium dissociation 
constants ( K  

d
 ) were calculated, and the af fi nities of immunotoxins for BT474 M1 

cells were found to be 53.13 nM (C6.5/rGel), 1.45 nM (ML3-9/rGel), 0.18 nM 
(MH3-B1/rGel), and 0.027 nM (B1D3/rGel). The correlation between the  K  

d
  values 

of the scFvs and fusion constructs was found to be signi fi cant with a correlation 
coef fi cient of 0.939 ( p  < 0.01), indicating that introduction of the rGel component 
did not affect the binding af fi nity of the scFv.  

 We next examine the ability of various af fi nity scFv/rGel fusions to speci fi cally 
internalize into target cells. Immuno fl uorescence staining was performed on HER2/
neu-positive and HER2/neu-negative cells after exposure to the constructs (Fig.  18.3b ). 
As quanti fi ed by relative  fl uorescence (Fig.  18.3c ), the internalization ef fi ciency into 
HER2/neu-positive cells was shown to increase with increasing antibody af fi nity. For 
BT474 M1 cells, the relative  fl uorescence intensities were 56.30 (C6.5/rGel), 73.69 
(ML3-9/rGel), 86.29 (MH3-B1/rGel), and 90.41 (B1D3/rGel). There was a good 
correlation between increases in apparent af fi nity and internalization ef fi ciency 
( r  2  = 0.8289;  p  < 0.01), indicating that ef fi cient binding to the cell surface appears to 
be primarily responsible for rapid internalization after cell exposure. 

 The cytotoxicity of the various scFv/rGel constructs was then tested against a 
panel of different tumor cell lines (Table  18.2 ). As expected, there appeared to be a 
good correlation ( r  2  = 0.7812;  p  < 0.01) between apparent af fi nity and IC 

50
  values. 

The highest targeting indices were found for the highest-af fi nity construct (B1D3/
rGel). Therefore, in vitro, binding af fi nity appeared to mediate internalization 
ef fi ciency, and this appeared to directly impact the overall cytotoxic effects observed. 
Furthermore, against HER2/neu-negative cells, there was little or no speci fi c cyto-
toxicity of the constructs compared to rGel itself.  

 Based on scFv/rGel immunotoxins, we demonstrated that increasing af fi nity 
could improve cell binding ability, internalization ef fi ciency, and cytotoxic activity 
on HER2/neu-positive cells. However, fusion toxins with a tenfold increase in 
af fi nity did not show a corresponding improvement in either internalization or a 
concomitant improvement in cytotoxic effects. This suggests that the internalization 
rate of the construct may primarily be associated with HER2/neu receptor recycling 
and the rate of antigen endocytosis and this may primarily be unaffected by the 



328 Y. Cao and M.G. Rosenblum

af fi nity of immunotoxin binding  [  97,   98  ] . Moreover, intracellular traf fi cking and 
distribution of the toxin component to the ribosomal compartment may be addi-
tional critical factors which can de fi ne immunotoxin sensitivity  [  99  ] .  

   Mechanistic Studies of Immunotoxin Cytotoxic Activity 

 Studies of bacterial and plant immunotoxins have provided us with essential infor-
mation regarding intracellular routing and translocation events  [  100,   101  ] , and this 

  Fig. 18.3    Characterization and comparison of different scFv/rGel immunotoxins. ( a ) Evaluation 
binding activity of the fusion constructs to HER2/neu-positive (SKBR3 and BT474 M1) and HER2/
neu-negative (MCF7) cells by whole-cell ELISA. ( b ) Internalization of the immunotoxins on HER2/
neu-positive and HER2/neu-negative cells. Cells were subjected to immuno fl uorescent staining 
with anti-rGel antibody (FITC-conjugated secondary), with propidium iodine nuclear counterstain-
ing. ( c ) Quanti fi cation of internalization rate of the immunotoxins. The bar graphs were calculated 
from relative  fl uorescence estimation, and the values are expressed as mean ± S.D ( n  > 50)       
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information can be employed in the design of optimized constructs. The mechanism 
of cytotoxicity of anti-HER2/neu immunotoxins generally involves inhibition of 
cellular protein synthesis, although the point of attack in this pathway can vary 
slightly depending on the toxin  [  102,   103  ] . 

 The plant-derived toxins are primarily ribosome-inactivating proteins (RIPs) and 
are enzymes which depurinate rRNA, thus inhibiting protein synthesis. They may 
also depurinate other polynucleotide substrates  [  104–  106  ] . rGel is an  N -glycosidase 
generating cytotoxic effects which are the direct result of protein synthesis inhibi-
tion (Fig.  18.4a ). Although there have been numerous preclinical studies of rGel-
based immunotoxins for the treatment of both solid and hematological tumors, the 
actual mechanisms behind the induction of cell death appear to vary depending on 
the cell type targeted  [  107–  109  ] . This occurs because the basic mechanism of pro-
tein synthesis inhibition due to the rGel component causes the loss of different high-
turnover proteins in cells derived from different tumor types. This  fi nally results in 
cytotoxic patterns and mechanisms which can vary widely based on the proteins 
critical for survival of different cell types targeted.  

 The cytotoxic effects mediated by our rGel-based immunotoxins were analyzed 
including apoptosis, necrosis, and autophagy in BT474 M1 cells. As shown in 
Fig.  18.4b , scFv/rGel fusions did not activate caspase-dependent apoptosis in tar-
get cells, showing no cleavage of the caspase substrate PARP. We next assessed 
lactate dehydrogenase (LDH) release, a marker of abrupt membrane lysis, and 
found that exposure of BT474 M1 cells to immunotoxins did not induce necrotic 
cell death using this parameter (Fig.  18.4c ). 

 We next examined whether the cytotoxic effects of these immunotoxins activate 
autophagic signaling. As shown in Fig.  18.4d , the ratio of LC3-II formation to the 
 b -actin control was shown to be increased after treatment with the fusion constructs, 
demonstrating that autophagic  fl ux was induced by rGel-based immunotoxins in 
BT474 M1 cells. In addition, autophagic induction by fusion constructs was further 
validated by the observed selective release of cellular high mobility group box 1 

   Table 18.2    Comparative cytotoxicity of rGel-based fusion constructs against various tumor cell 
lines   

 Cell line 
 Tumor 
type 

 HER2/neu 
Expression 
level 

 IC 
50

  (nM) (TI) *  

 C6.5/rGel 
 ML3-9/
rGel 

 MH3-B1/
rGel  B1D3/rGel  rGel 

 SKBR3  Breast  ****  6.4 (165)  5.0 (211)  2.7 (387)  1.9 (567)  1061 
 BT474 M1  Breast  ****  18.9 (12)  10.9 (20)  3.9 (56)  1.2 (177)  219.8 
 NCI-N87  Gastric  ****  30.1 (32)  20.4 (47)  9.1 (106)  4.9 199)  965.6 
 Calu3  Lung  ****  24.3 (22)  18.1 (29)  13.0 (41)  10.0 (53)  531.1 
 MDA MB231  Breast  *  145.8 (2)  149.9 (2)  155 (2)  204.8 (1)  297.3 
 MCF7  Breast  *  246.9 (1)  246.7 (1)  260.6 (1)  266.9 (1)  247.4 
 A375m  Melanoma  *   61.4 (3)  126.9 (2)  153.9 (1)  173.9 (1)  207.3 
 Me180  Cervical  *  160.8 (1)  185.4 (1)  194.6 (1)  213.1 (1)  222.5 

  *Targeting index (TI) represents IC 
50

  of rGel/IC 
50

  of immunotoxin  
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(HMGB1) (Fig.  18.4e ). Tumor cells undergoing autophagy can selectively release 
the nuclear high mobility group box 1 (HMGB1) protein without displaying charac-
teristics of necrosis  [  110  ] . These data indicated that the observed cytotoxic effects of 
fusion toxins in BT474 M1 cells appeared to be mediated not through an apoptotic or 
necrotic mechanisms but by the ef fi cient induction of autophagic cell death. 

 There are numerous mechanistic connections between apoptosis, necrosis, and 
autophagy suggesting that the different death mechanisms are intimately related 
 [  111,   112  ] . A spectrum of characteristics can be displayed by a dying cell, and this 
appears to be regulated, in part, by the amount of autophagy that occurs as cells die. 
When autophagy is not activated, caspase activation occurs more readily, and dying 
cells undergo apoptosis. Conversely, when autophagy is high, caspase activation is 

  Fig. 18.4    Cell-killing mechanism analysis of the immunotoxins on BT474 M1 cells. ( a ) A gener-
alized view of cytotoxic mechanism of anti-HER2/neu scFv/rGel fusions in targeted cells. ( b ) 
Western blot analysis of PARP cleavage after 24 and 48 h of scFv/rGel fusions treatment. ( c ) 
Evaluation of necrosis by LDH release after treatment with fusion proteins or Triton X-100 
(mean ± S.D. from three replicates). ( d ) Analysis of LC3 after treated with scFv/rGel fusions for 24 
and 48h. ( e ) Analysis of cell extract and medium for HMGB1 protein after immunotoxins treat-
ment for 48 h       
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blocked, but cells destined to die can release HMGB1 without membrane lysis and 
true necrosis. Thus, characteristics associated with rGel-intoxicated cells may con-
tain elements of multiple cell death mechanisms.  

   In fl uence of Soluble HER2/neu Antigen on Immunotoxin Activity 

 In addition to the characteristics of the targeting moiety, the presence of soluble 
antigen levels is clearly another factor in the potential therapeutic application of 
targeted agents  [  113  ] . Pharmacokinetic studies of anti-HER2/neu antibodies in 
patients have demonstrated an inverse association between serum concentrations of 
antibody and the levels of shed HER2/neu antigen  [  114,   115  ] . This observation may 
be explained, in part, by formation of soluble antigen: antibody complexes leading 
to a more rapid clearance by the reticuloendothelial system (RES). Clinical studies 
of Herceptin have shown that HER2/neu plasma concentrations greater than 500 ng/
mL (~10 nM) were associated with shorter serum half-life and subtherapeutic trough 
levels of the antibody  [  116,   117  ] . 

 To investigate the impact of soluble antigen on HER2/neu targeted immunotox-
ins, we evaluated the internalization of the immunotoxins in the presence of added 
soluble, puri fi ed HER2/neu extracellular domain (ECD) in BT474 M1 cells 
(Fig.  18.5a, b ). The addition of ECD was shown to reduce the cellular internaliza-
tion of all the constructs. The highest-af fi nity B1D3/rGel construct showed a 
signi fi cant reduction in activity in the presence of antigen, whereas the lower-af fi nity 
fusions exhibited a lesser impact of added ECD.  

 We next utilized a coimmunoprecipitation method to examine whether the 
decreased cellular internalization observed was due to formation of immune com-
plexes between immunotoxins and ECD. As shown in Fig.  18.5c , the highest-af fi nity 
construct (B1D3/rGel) and the lowest-af fi nity construct (C6.5/rGel) formed the 
highest and lowest (respectively) amounts of immune complex with added ECD. 
Intermediate-af fi nity molecules (ML3-9/rGel and MH3-B1/rGel) generated inter-
mediate levels of immune complexes. Therefore, the reduction in cell internaliza-
tion observed with the high-af fi nity B1D3/rGel fusion was the result of immune 
complex formation with soluble ECD, and this competed for binding and internal-
ization of the immunotoxin to the cell-associated antigen. 

 A competitive cytotoxicity assay was next performed on SKBR3 and BT474 M1 
cells by adding HER2/neu ECD to various concentrations of each fusion construct 
(Fig.  18.5d ). All the fusion constructs showed an increase in IC 

50
  in the presence of 

ECD. Constructs with low and medium af fi nity showed the least impact of ECD on 
cytotoxic effects, while high-af fi nity B1D3/rGel showed the greatest reduction in 
cytotoxic effects. The addition of various concentration of ECD to a  fi xed dose of 
each of the immunotoxins demonstrated similar effects (Fig.  18.5e ). The high-
af fi nity B1D3/rGel was impacted to the greatest extent in the presence of ECD, 
while the constructs with low or medium af fi nity showed less impact on cytotoxic-
ity. Therefore, immunotoxins with relatively high association constant rate but a 
lower dissociation rate than other constructs appear to have the greatest propensity 
to be mis-targeted in the presence of soluble antigens.   
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   In Vivo Studies of Immunotoxins: Antitumor Ef fi cacy 
and Off-Target Toxicity 

   Antitumor Activity of scFv/rGel 

 Antibody-mediated therapy has been much more successful for hematological 
malignancies than for solid tumors, likely re fl ecting their overall greater physical 
accessibility to targeted therapeutics  [  118,   119  ] . The treatment of solid tumors pres-
ents a much greater challenge since the therapeutic antibodies must diffuse into the 
tumor against hydrostatic pressure and into a disordered intratumoral vasculature 
 [  83  ] . Low-molecular weight immunotoxins have better diffusion properties and are 
more successful at penetrating solid tumors  [  120,   121  ] . In addition to the properties 
of the tumor tissue itself and general antibody pharmacology, other relationships also 

  Fig. 18.5    Competitive analysis of the scFv/rGel in the presence of free HER2/neu ECD. ( a ) 
Competitive internalization assay of 20 nM immunotoxins with different concentration of the 
HER2/neu ECD on BT474 M1 cells. ( b ) Quanti fi cation of competitive internalization rate of the 
fusion proteins. Values are expressed as mean ± S.D ( n  > 50). ( c ) Coimmunoprecipitation of scFv/
rGel and HER2/neu ECD complex. The supernatant was subjected to HER2/neu immunoprecipita-
tion, followed by Western blot for rGel. ( d ) Competitive activity of the immunotoxins in the pres-
ence of 20 nM ECD. Values are presented as IC 

50
 . ( e ) Competitive cytotoxicity of 20 nM 

immunotoxins with different concentration of the ECD on HER2/neu-positive cells       
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exist between an antibody and its antigen that can shape penetration, catabolism, 
speci fi city, and ef fi cacy  [  92  ] . 

 Potent antitumor activity in animal models has been described for immunotoxins 
derived from the murine HER2/neu-speci fi c scFv e23 and FRP5 both fused to the 
PE toxin  [  14,   122–  124  ] . These two immunotoxins were studied in phase I clinical 
trials where the primary toxicity with the e23 construct was hepatotoxicity observed 
in all the patients. Immunohistochemistry showed the presence of HER2/neu on 
normal hepatocytes thus explaining the liver toxicity  [  49,   125  ] . The immunotoxins 
targeting HER2/neu may result in unexpected organ toxicities due to expression of 
low levels of HER2/neu on normal cells. Another HER2/neu immunotoxin desig-
nated scFv (FRP5)-ETA was well tolerated by the majority of patients, with adverse 
reactions mainly restricted to fully reversible symptoms such as pain and 
in fl ammation at the injection sites, which might be partly due to differences in 
administration route  [  14,   36,   126,   127  ] . 

 An anti-HER2/neu immunotoxin containing a diabody linked to PE was  fi rst 
described by Pastan et al.  [  41,   51  ] . These divalent immunotoxins were found to be 
~tenfold more cytotoxic in vitro than their monovalent counterparts but, surpris-
ingly, were only about twofold more active against tumors in vivo. The reasons for 
this remain unclear, but Pastan et al. suggest that the high functional af fi nity of the 
diabodies results in the formation of a binding-site barrier at the tumor periphery 
which impedes immunotoxin penetration into the tumor mass and suggests that 
bivalent fusion toxins containing PE may have limited value compared to their mon-
ovalent counterparts. 

    To assess the impact of antibody af fi nity of immunotoxins we performed in vivo 
ef fi cacy studies using  anti-HER2/neu fusion constructs in mice bearing well-estab-
lished BT474 M1 xenografts. As shown in Fig.  18.6a , treatment with the scFv/rGel 
fusions all demonstrated antitumor effects after i.v. administration, with the intermediate-
af fi nity MH3-B1/rGel showing more enhanced and long-lasting tumor inhibition 
effects compared to lower-af fi nity C6.5/rGel and ML3-9/rGel. Administration of the 
immunotoxins resulted in little obvious toxicity with the exception of the highest-
af fi nity B1D3/rGel. As shown in Fig.  18.6b , mice treated with this agent showed con-
siderable body weight loss (~27%), and all the mice in this group died after the fourth 
injection. On-target toxicity, or the toxicity of the construct to liver as a result of expres-
sion of HER2/neu on hepatocytes, is a common problem found in clinical studies. 
However, antibody C6.5 and its mutant scFv do not cross-react with the murine HER2/
neu analog  [  90,   91  ] . Therefore, the toxicity of the high-af fi nity B1D3/rGel construct 
may be associated with mis-targeting through the formation of immune complexes 
with shed, tumor-derived HER2/neu antigen, leading to signi fi cant off-target toxicity.   

   Off-Target Toxicity of Immunotoxins: Impact of Af fi nity 

 The emergence of clinically relevant, nonspeci fi c toxicity has limited the therapeu-
tic potential of numerous immunotoxins  [  79,   128,   129  ]  and is a signi fi cant limita-
tion to the clinical development of this class of molecules in general. Therefore, it is 
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of paramount importance to design immunotoxins with minimal toxicity to normal 
tissues. Previous concepts focused on employing the highest-af fi nity antibodies 
available for use in immunotoxin constructs, and the current study suggests that 
high-af fi nity constructs are the most vulnerable to the presence of shed antigen. 
Intermediate-af fi nity antibodies appear to be preferable for this application since 
their targeting ability is high enough to show reliable speci fi city and targeted toxic-
ity but low enough to avoid interference by shed antigen. 

 Shedding of cell surface antigens is an important biological process used to 
modulate cellular response to signals in the extracellular environment  [  130,   131  ] . 
Measurement of shed HER2/neu antigen levels in the blood of mice bearing BT474 

  Fig. 18.6    In vivo study of the immunotoxins against BT474 M1 tumor xenografts in nude mice. 
( a ) Treatment of BT474 M1 tumors with scFv/rGel fusions at the dose of 24 mg/kg. Mean tumor 
volume was calculated by W × L × H as measured by digital calipers. ( b ) Average body weight of 
the mice during the immunotoxin treatment. ( c ,  d ) Whole-body imaging results of the mice i.v. 
injected with either IR-MH3-B1/rGel or IR-B1D3/rGel at 4, 24, 48, and 72 h.  Arrows  pointed at 
tumor ( T ) and liver ( L ). ( e ,  f ) The comparison of tissue-to-muscle ratio ( TMR ) of IR–MH3–B1/
rGel and IR–B1D3/rGel at 24 h and 72 h after injection into xenograft mice ( n  = 5)       
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M1 tumor showed that HER2/neu levels increase in parallel with tumor size. Levels 
of HER2/neu in serum increased from 2 to 12 nM for mice with 200 mm 3  tumors up 
to 1,800 mm 3 , respectively. The correlation between shed HER2/neu levels and 
tumor volume was found to be signi fi cant with a correlation coef fi cient of 0.797 
( p  < 0.01). At suf fi ciently high HER2/neu levels, the ef fi cacy of high-af fi nity tar-
geted therapeutics could be impacted. 

 Our in vitro studies demonstrated that the activity of B1D3/rGel could be 
impaired by the presence of added ECD, and this is likely because B1D3 displays a 
higher association constant rate and a lower dissociation rate than the other scFv 
tested. As a result, immune complex formation with B1D3/rGel was shown to 
reduce in vitro cytotoxicity and with a corresponding signi fi cant increase in in vivo 
toxicity. Biodistribution studies in BT474 M1 tumor-bearing mice indicated that 
there was little difference in the liver and tumor uptake of MH3-B1/rGel and B1D3/
rGel at 24 h, but there was a signi fi cant difference between the two at 72 h 
(Fig.  18.6c–f ). There was a statistically signi fi cant decrease in tumor localization 
for the high-af fi nity B1D3/rGel compared to intermediate-af fi nity MH3-B1/rGel 
72 h after i.v. injection with a corresponding increase in liver accumulation 
(Fig.  18.7a, b ). This accumulation paralleled liver toxicity as assessed by increasing 
serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), 
and LDH (Fig.  18.7c–e ). In addition, toxicity was con fi rmed by postmortem histo-
pathologic examination of liver tissue from B1D3/rGel-treated mice (Fig.  18.7f ). 
This data is consistent with the  fi nding that the high-af fi nity B1D3/rGel construct 
formed immune complexes with soluble, tumor-derived antigen leading to clear-
ance by the hepatic RES and a reduction in ability to distribute to the tumor. The 
intermediate-af fi nity MH3-B1/rGel construct showed a comparatively better distri-
bution to tumor and a reduced hepatotoxicity pro fi le compared to the high-af fi nity 
construct. It is important to note that murine studies of species-speci fi c anti-human 
HER2/neu antibody constructs may underrepresent the eventual clinical toxicity of 
these agents against normal tissues expressing low levels of HER2/neu antigen. 
Nevertheless, our study clearly demonstrated that when high-af fi nity immunotoxins 
form complexes in vivo with tumor-derived HER2/neu antigen, this additionally 
results in signi fi cantly increased hepatic toxicity.  

 The hepatotoxicity of immunotoxins as a result of normal tissue expression of the 
antigen is a common problem observed in clinical trials  [  14,   125,   132,   133  ] . 
Immunotoxins containing toxins such as ricin toxin A (RTA), PE, or DT appear to bind 
to hepatocytes or vascular endothelial cells and have demonstrated dose-limiting tox-
icities which include renal and liver toxicity as well as vascular leak syndrome (VLS) 
 [  134–  136  ] . However, clinical studies with rGel-based immunotoxins have not demon-
strated such nontarget effects. In addition, distinct from PE-based anti-HER2/neu 
immunotoxins, which appear to effectively target cells bearing low levels of antigen 
 [  40,   41  ] , the use of rGel-based constructs may be particularly important to consider in 
cases of low level expression of antigen on normal tissues since previous studies have 
demonstrated that there appears to be a relatively high minimal threshold of HER2/neu 
antigen sites (~1.5 × 10 5  sites per cell) present on a target cell before speci fi c toxicity is 
enabled  [  30  ] . This appears to be unique compared to studies with other toxins.   
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   From Preclinical Development to Therapeutic Application 

 There has been remarkable progress in the development of immunotoxins to ful fi ll 
an unmet medical need for novel agents with unique spectra of action. Preclinical 
testing of these anti-HER2/neu immunotherapeutics has generated impressive 
results. There is a potential to improve the therapeutic window of these new agents 
by making immunotoxins either more potent, thereby lowering the ef fi cacious dose 
or less nonspeci fi cally toxic and thereby increasing the maximal tolerated dose. 

 Several clinical trials are currently addressing the ef fi ciency of anti-HER2/neu 
immunotoxins for the treatment of the patients with solid or metastatic carcinoma 
known to express HER2/neu  [  63,   125,   127,   137  ] . Clinical manifestations of toxicity 

  Fig. 18.7    Analysis of the accumulation of HER2/neu antigen and scFv/rGel (MH3-B1/rGel or 
B1D3/rGel) complex-driven liver toxicity after 72 h injection. ( a ) Coimmunoprecipitation of 
HER2/neu antigen and scFv/rGel in the liver from the mice with or without BT474 M1 tumors. 
Liver homogenates were subjected to HER2/neu immunoprecipitation, followed by western blot 
for rGel. ( b ) Immuno fl uorescence colocalization of scFv/rGel ( green ) and HER2/neu antigen ( red ) 
in the liver of the BT474 M1 burden mice. ( c – e ) Enzymatic activities of ALT, AST, and LDH in 
the serum of mice with or without tumors, treated with rGel, MH3-B1/rGel, or B1D3/rGel. Values 
are expressed as mean ± SD ( n  = 5). *, ** and ***, statistically different from own control mice at 
 p  < 0.05,  p  < 0.01, and  p  < 0.002, respectively. ( f ) Histologic  fi ndings of the livers from tumor bur-
den mice after immunotoxin application. All the sections were stained with hematoxylin and eosin 
(primary magni fi cation: 100×).  Inset  showed multiple necrosis of hepatocytes (primary 
magni fi cation: 400×)       
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regularly included VLS and hepatotoxicity  [  79,   125,   138  ] . VLS is characterized by 
hypoalbuminemia, peripheral edema with resultant weight gain, and pulmonary 
edema in the most severe cases. These conditions were the results of increased vas-
cular permeability from endothelial cell damage likely due to direct binding of the 
toxin component to endothelial cells. All anti-HER2/neu immunotoxins tested to 
date appear to cause VLS, but it was most severe in patients treated with RTA-
containing immunotoxins  [  78,   134  ] . Hepatotoxicity has limited the clinical dose 
escalation of some immunotoxins, including erb-38  [  125  ]  and (FRP5)-ETA  [  14  ] ; as 
mentioned above, likely due to binding of the constructs to HER2/neu on hepato-
cytes (~5 × 10 4  sites per cell)  [  139,   140  ] . The binding af fi nity of these immunotoxins 
was 27 × 10 -9  M for erb-38  [  41  ]  and 6.5 × 10 -9  M for (FRP5)-ETA  [  122  ] . Both con-
structs demonstrated cytotoxicity to human A431 epidermoid carcinoma cells 
expressing low levels of HER2/neu (2 × 10 4  sites per cell)  [  40  ] . This suggests that 
HER2/neu-targeted immunotoxins with af fi nities in the nanomolar range may effec-
tively target both tumor and normal cells expressing low antigen levels. The devel-
opment of anti-HER2/neu immunotoxins containing human antibodies or fragments 
with intermediate af fi nities of 10 -10  M can be generated with relative ease using 
standard mutagenesis techniques including error-prone PCR and DNA shuf fl ing 
 [  90,   141–  144  ] , and this may provide a novel source of agents for further 
development. 

 The use of anti-HER2/neu immunotoxins is further hampered by the relatively 
strong immunogenicity of some toxins. Humoral immune responses to toxins can 
be observed after just one treatment course. This immunological response does not 
only reduce serum half-life but also signi fi cantly inhibits cytotoxic activity, espe-
cially in cases in which repeated treatment courses are required. Several approaches 
were therefore pursued to decrease the immunogenicity of toxins, speci fi cally the 
modi fi cation of the toxins or coadministration of immunosuppressive agents  [  137, 
  145,   146  ] . Pastan et al. identi fi ed 7 major epitope groups and 9 of 13 epitope sub-
groups, associated with the PE38 toxin. Epitope modi fi cation produced an immuno-
toxin in a fully active but signi fi cantly less immunogenic molecule using site-directed 
mutagenesis  [  147,   148  ] . For the plant toxin rGel, clinical studies thus far have not 
demonstrated that patients mount a robust immune response to administered immu-
noconjugates. Nevertheless, we have engineered a number of rGel analogs by delet-
ing known antigenic regions, replacing de fi ned immunogenic regions with human 
homologous sequences, or modest sequence changes to modify B or T cell epitopes. 
Conjugation of the toxin component with polyethylene glycol (PEGylation) of the 
toxin to cover potential immunogenic regions or genetic engineering to generate 
humanized toxins is a promising approach for overcoming the problem of immuno-
genicity  [  149,   150  ] . Guo et al.  [  35,   39,   151  ]  developed novel liposomes loaded with 
PE toxin and conjugated with an anti-HER2/neu Fab. This approach was designed 
to improve the pharmacological and therapeutic properties of drugs administered 
parenterally, providing a unique practical means of reducing toxicity and immuno-
genicity  [  34,   38,   150  ] . Another promising strategy is to deliver immunotoxin ther-
apy through gene therapy vectors. Huang et al.  [  152  ]  evaluated a gene therapy 
approach designed to express intratumoral therapeutic levels of the e23/PE40 fusion 
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protein to target HER2/neu-expressing tumors. The advantages of gene therapy vec-
tors are that they can mediate continuous and prolonged immunotoxin production 
and may provide reduced host immune response  [  140,   153  ] . 

 Evidence from a number of laboratory studies suggests that immunotoxins target-
ing HER2/neu can display synergistic effects in combination with other antitumor 
agents. Combinations of external radiation and anti-HER2/neu immunotoxins can 
demonstrate synergistic inhibition of clonogenic growth of ovarian and breast cancer 
cells  [  20,   36  ] . Antibody binding and activation of HER2/neu cellular signaling and 
cross talk with other receptors may lead to signaling events which could protect the 
cells from toxin-mediated killing. Therefore, a bispeci fi c immunotoxin approach to 
simultaneously target HER2/neu and EGFR  [  37,   46  ] , or HER2/neu and EpCAM 
 [  33  ] , may offer advantages for tumor therapy with superior in vitro and in vivo activ-
ity over monospeci fi c immunotoxins.   

   New Approaches 

 Although the biological activity in vitro and in vivo of bacterial and plant toxin-
based anti-HER2/neu immunotoxins has demonstrated remarkable potency, there 
are a number of obstacles that limit their clinical application  [  145  ] . The toxin com-
ponent of these fusion proteins can elicit a high degree of humoral response in 
humans, and patients in developed countries are generally immunized against some 
bacterial toxins such as DT, which could result in neutralization of the related immu-
notoxins  [  79,   154,   155  ] . In addition, both bacterial and plant toxins are large mole-
cules which are dif fi cult to humanize completely. In order to overcome these 
problems, several groups have focused on the construction of anti-HER2/neu immu-
notoxins composed of novel, highly cytotoxic human proteins as replacements for 
bacterial or plant toxins. Anti-HER2/neu constructs containing human GrB, human 
ribonucleases (RNase), or other proapoptotic proteins are described below. 

 GrB is a serine protease generated by cytotoxic lymphocytes to induce apoptotic 
cell death in target cells. GrB is released after the target cell membrane has been 
permeabilized by the prior exposure to the transmembrane, pore-forming molecule 
perforin  [  156,   157  ]  allowing GrB entry to the cytosol. Since GrB is present in 
plasma in both normal and pathological states, it is unlikely that this molecule would 
engender an immune response. Studies by Liu et al.  fi rst demonstrated that fusion 
constructs containing a cell-targeting scFv or growth factor fused to human GrB 
displayed highly cytotoxic targeted effects  [  158–  160  ] . In addition, these constructs 
could be composed of completely human proteins, and the resulting proteins had a 
unique, proapoptotic mechanism of biological action. Subsequent studies by Wels 
et al. described the GrB-scFv (FRP5) fusion construct targeting HER2/neu and dis-
played selective and rapid tumor cell killing, accompanied by clear signs of apopto-
sis such as chromatin condensation, membrane blebbing, formation of apoptotic 
bodies, and activation of endogenous initiator and effector caspases  [  161,   162  ] . 
Yang et al. demonstrated that injection of Jurkat cells producing and secreting 
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GrB fused to anti-HER2/neu scFv was capable of selectively targeting HER2/
neu-overexpressing tumor cells  [  74,   95,   163  ] . 

 RNases once internalized into cells ef fi ciently degrade RNA causing cell death via 
inhibition of protein synthesis  [  164,   165  ] . RNases constitute a large superfamily spread 
across several species. Human RNases are encoded by at least eight different genes out 
of which  fi ve (RNase 1–5) have been identi fi ed at the protein level. De Lorenzo et al. 
demonstrated the availability of an anti-HER2/neu scFv fused to human pancreatic 
RNase (RNase I or HP-RNase)  [  166–  169  ] . The resulting construct was found to induce 
a remarkable reduction (86%) in tumor volume in xenograft models. Further, introduc-
tion of a dimeric mutant RNase construct (ERB-HH2-RNase) or anti-HER2/neu human 
compact antibody-RNase (Erb-hcAb-RNase) demonstrated improved biologic proper-
ties compared to the original monomeric version  [  170–  174  ] . 

 Insights gained from studies of the early anti-HER2/neu immunotoxins with 
respect to antibody af fi nity, valency, linker construction, and composition have 
improved our understanding of immunotoxin design approaches and have led to a 
promising new generation of humanized protein therapeutics. Incorporation of novel 
human proteins to replace plant and bacterial toxins has expanded our abilities to 
generate fusion proteins with unique mechanisms of action and which are demon-
strating pronounced antitumor effects against HER2/neu-positive tumor xenografts. 
Additionally, there are a wide range of other cytotoxic human proteins which might 
be considered excellent candidates for incorporation into fusion constructs such as 
caspase 3  [  175,   176  ] , caspase 6  [  177,   178  ] , and BH3-interacting domain death ago-
nist (BID)  [  179–  182  ] . Finally, proteases, kinases, or other enzyme classes or proteins 
may be effective when used as payloads for therapeutics targeting HER2/neu. 

 Since the discovery of its pivotal roles in tumorigenesis and metastatic spread, 
HER2/neu has attracted enormous attention as a focal point for the development of 
novel therapeutics. Anti-HER2/neu immunotoxins are tumor-directed biological 
constructs containing highly cytotoxic protein payloads with the potential to effec-
tively target and suppress the growth of a number of malignancies overexpressing 
HER2/neu. Although currently no anti-HER2/neu immunotoxins have been 
approved by the FDA, a variety of potent agents are under development or undergo-
ing clinical trials. New discoveries and further understanding of co-targeting strate-
gies, reduction of toxicity, and immunogenicity can only serve to speed the 
development of anti-HER2/neu immunotoxins. A new generation of immunotoxins 
containing novel, cytotoxic proteins of human origin will continue to drive innova-
tion in this arena.      
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         Introduction 

 One of the challenges in cancer therapy is to eradicate tumor cells while minimizing 
the toxic side effects to normal tissue that can rapidly become dose-limiting. In this 
regard, the unique speci fi city of antibodies enables the targeting of antigens that are 
differentially or aberrantly expressed on tumor cells while ignoring their normal 
counterparts  [  1  ] . To date, six IgG antibodies have received FDA approval for the 
treatment of cancer, Herceptin™ (Trastuzumab), Rituxan™ (Rituximab), Avastin™ 
(Bevacizumab), Campath™ (Alemtuzumab), Erbitux™ (Cetuximab), and 
Vectibix™ (Panitumumab), and all have shown varying degrees of clinical and 
commercial success  [  2  ] . While designed to target tumor cells with nanomolar 
af fi nity, clinical evidence would suggest that the anticancer mechanisms mediated 
by these antibodies are not on their own suf fi cient to provide a prolonged clinical 
bene fi t  [  3  ] .To that end, other strategies have been explored to enhance antibody 
potency while still exploiting their targeting function. One such approach has been 
to attach a cytotoxic payload to an antibody that when delivered to a cancer cell 
induces a highly potent cell death signal  [  4  ] . The most common payloads attached 
to antibodies or antibody fragments are small molecule drugs, radionucleotides, and 
toxins  [  1,   5–  8  ] . Two radionucleotide-conjugated antibodies Zevalin (Ibritumomab 
tiuxetan) and Bexxar (Tositumomab-/I131) and one antibiotic-conjugated antibody 
Mylotarg (Gemtuzumab ozogamicin) have been approved, although Mylotarg was 
subsequently withdrawn  [  9  ] . In addition, Ontak a diptheria toxin (DT) conjugated to 
an IL2 cytokine received approval for the treatment of cutaneous T cell lymphoma 
 [  10  ] . A variety of antibody–drug conjugates (ADCs) such as the anti-HER2 trastu-
zumab-DM1 are currently being evaluated in the clinic as antibody conjugates have 
proven themselves superior to the naked antibody in xenograft tumor models  [  11  ] . 
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Similarly, a variety of immunotoxins have been evaluated in the clinic, but as yet 
none have received FDA approval; however, those targeting leukemic cancers such 
as BL22, an anti-CD22 dsFv linked to truncated  Pseudomonas  exotoxin A (ETA), 
have been particularly successful  [  12,   13  ] . 

 Despite the potency of immunotoxins, their inherent immunogenicity has limited 
their clinical use  [  14,   15  ] . In most cases the targeting antibodies are human or 
humanized scFv or Fab fragments which minimize the likelihood of a patient 
immune response; however, toxins are entirely foreign proteins and therefore highly 
immunogenic  [  16–  18  ] . As a consequence, the humoral response in patients elicits 
the formation of antidrug antibodies (ADAs), resulting in rapid drug clearance, and 
hence, limited therapeutic effectiveness. Historically, cancers of hematological ori-
gin have responded better to immunotoxin-based therapies due to both the accessi-
bility of the malignant cells as well as the immunocompromised state of these 
patients, thereby permitting multiple cycles of treatment  [  8  ] . For solid tumors, 
ADAs rapidly become dose-limiting after only a few weeks of treatment  [  19  ] . One 
strategy for circumventing immunogenicity is to use loco-regional administration, 
an approach that is only applicable in a limited number of indications. The immu-
notoxin, VB4-845, an anti-EpCAM scFv (4D5MOCB) linked to a truncated form of 
 Pseudomonas  ETA, has been evaluated in early clinical trials for squamous cell 
carcinomas of the head and neck (SCCHN) as well as transitional cell carcinomas 
of the bladder; drug administration was intratumoral for SCCHN and intravesical 
for bladder cancer  [  20–  22  ] . In both indications, the drug was ef fi cacious, well toler-
ated, and unaffected by a humoral response. However, most solid cancers cannot be 
treated effectively using loco-regional delivery strategies and thus require a sys-
temically administered drug given in multiple cycles. Several approaches have been 
used to reduce the immunogenicity of the toxin moiety including the co-administration 
of immunosuppressant drugs, PEGylation, as well as the identi fi cation and removal 
of putative B and T cell epitopes from the protein  [  23–  28  ] . Each approach has 
demonstrated some success in preclinical studies, but a  fi nal assessment of a de-
immunization strategy can only be obtained by analyzing patient samples following 
repeat administration. The approach we have taken is to create a toxin, de-bouganin, 
in which the T cell epitopes were removed to create a cytotoxic payload with negli-
gible immunogenic potential. In this chapter, we describe the ‘bench to clinic’ 
development of an anti-EpCAM immunotoxin carrying the de-immunized payload, 
de-bouganin, designed for the systemic treatment of solid tumors.  

   De-Bouganin for Use in Immunotoxins 

 Bouganin is a plant-derived toxin isolated as a 29 kDa single polypeptide chain 
(Type 1) ribosome inactivating protein with RNA N-glycosidase activity that 
directly inhibits translation  [  29–  31  ] . The selection of bouganin was based upon its 
proven cytotoxic potential when conjugated to a targeting antibody as well as its 
favorable toxicity pro fi le in animal models when compared to other type I RIPs  [  32,   33  ] . 
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The absence of a cell binding domain, often associated with other toxins, contributes 
to its favorable toxicity pro fi le. In order to address the potential immunogenicity of 
bouganin, overlapping peptides covering the entire sequence were tested in a T cell 
proliferation assay. Subsequently, reactive peptides corresponding to potential T 
cell epitopes were identi fi ed and removed  [  34  ] . This T cell epitope-depleted form of 
Bouganin (de-bouganin) was shown to have minimal immunogenic potential in vitro 
while preserving the potency of the parent molecule  [  34  ] . 

 In order to clinically evaluate de-bouganin, the 77 kDa VB6-845 immunotoxin 
was constructed as a recombinant fusion protein comprised of an anti-EpCAM 
humanized Fab fragment, derived from 4D5MOCB scFv  [  34,   35  ]  (Fig.  19.1a ). 
There are several compelling reasons that make EpCAM a clinically relevant target 
for immunotherapy. First, although expressed on normal epithelia, EpCAM is gen-
erally overexpressed on carcinomas and increased expression is often associated 
with disease progression and poor patient prognosis  [  36–  38  ] . Second, the cell sur-
face distribution differs between normal and tumor epithelia such that EpCAM is 
more readily accessible on tumor cells  [  39–  41  ] . Third, the pivotal role of EpCAM 
in proliferation, mitogenic signal transduction, and transformation underscores its 
importance as a therapeutic target  [  42  ] . To create VB6-845, de-bouganin was 
attached to a humanized EpCAM targeting Fab fragment using a furin-cleavable 
linker (Fig.  19.1b ). The choice of a Fab-toxin format for VB6-845 was based upon 

  Fig. 19.1    ( a ) Ribbon representation of VB6-845. The de-bouganin moiety ( green ) is fused to the 
light chain ( yellow ) of the Fab fragment via a peptidic linker containing the furin proteolytic site 
( red ). The heavy chain is shown in  blue  and CDRs loop in  magenta . ( b ) Schematic representation 
of the VB6-845-C 

L
  dicistronic unit under the control of the Arabinose (Ara-B) promoter of 

pING3302 expression vector. V 
H
 , V 

L
 , C 

H
 , and C 

L
  abbreviations correspond to the variable heavy 

and light chain and heavy and kappa chain conserved domain, respectively, P to the  Pel B leader 
sequence and de-boug to de-bouganin. The furin linker is indicated in  red        
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the consideration of an optimal molecular size that would permit extravasation from 
the vasculature and subsequent penetration into the tumor bed while remaining 
stable in serum. The Fab-toxin format was manufactured as a fusion protein using a 
scalable, cost-effective microbial expression system.   

   Preclinical Evaluation of VB6-845 

 A preclinical evaluation of VB6-845 was performed to support clinical development 
in accordance with the ICH S6 (ICH S6 Preclinical Safety Evaluation of Biotechnology-
derived Pharmaceuticals) guidelines. The preliminary investigation of VB6-845 
examined its speci fi city, cytotoxicity, and reactivity with normal human tissue and 
identi fi ed appropriate clinical indications for the drug. This was followed by a com-
prehensive series of pharmacology and toxicology studies to determine the safety 
pro fi le of VB6-845 for human use as well as establish a safe starting clinical dose. 

   In Vitro Speci fi city and Cytotoxicity of VB6-845 

 To illustrate the speci fi city and potency of VB6-845, a panel of epithelial tumor cell 
lines was tested for binding reactivity and cytotoxicity (Table  19.1 ). The tumor cell 
line selection was based, in part, upon the availability of established mouse xeno-
graft models for follow-up ef fi cacy studies as well as areas of perceived clinical 
need. As expected, VB6-845 potency varied according to EpCAM expression with 
no measurable cytotoxicity in EpCAM-negative cell lines. High EpCAM expres-
sion was associated with a sub-nanomolar IC 

50
 . To further demonstrate the targeted 

   Table 19.1    VB6-845 reactivity and potency   
 Cell line  Indication  Reactivity a   IC 

50
  (nM) 

 NIH:OVCAR-3  Ovarian  59  0.4 
 Caov-3  Ovarian  107  0.4 
 MCF 7  Breast  113  0.4 
 NCI-H69  Lung  31  1.5 
 HT-29  Colon  58  1.7 
 CAL 27  Head and neck  87  1.8 
 LNCaP  Prostate  43  11 
 HT-3  Cervical  29  23 
 HEC-1-A  Endometrial  42  43 
 RL95-2  Endometrial  4.9  100 
 SK-OV-3  Ovarian  4.3  >100 
 A-375  Melanoma  1.1  >100 

   a Values are representative of three independent experiments. Reactivity 
is de fi ned as the mean  fl uorescence fold increase over the PBS control  
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speci fi city of VB6-845, the potency of VB6-845 was compared against a panel of 
chemotherapeutics on representative EpCAM-positive and EpCAM-negative tumor 
cell lines as well as a normal cell line (Table  19.2 ). In direct contrast to chemothera-
peutics that showed no speci fi city, VB6-845 exhibited potent killing only against 
the EpCAM-positive tumor cell line (NIH:OVCAR-3) with minimal to no potency 
against the EpCAM-negative melanoma cell line (A-375), the lymphoid-derived 
tumor B cell line (Daudi), or the normal human mammary epithelial cell line 
(HMEC).    

   Immunohistochemical Staining with VB6-845 

 In accordance with FDA regulations, the reactivity of VB6-845 with normal human 
tissues was investigated using immunohistochemical analysis  [  43  ] . The GLP study 
tested a panel of 35 normal frozen human tissues for immune reactivity using an opti-
mized concentration for staining. Of the 35 tissues examined, some degree of binding 
was noted in 20 tissue types with no binding being detected in the adrenal, bone mar-
row, brain, cerebellum, cervix, esophagus, eye, heart, liver, lymph node, muscle, pla-
centa, skin, spinal cord, spleen, tonsil tissues, or white blood cells. The binding of 
VB6-845 in epithelia was membrane associated and consistent with the expression of 
EpCAM in normal tissues reported for other antibodies  [  44–  46  ] . VB6-845 bound 
strongly to carcinomas of various origins including colon, rectum, head and neck, 
breast, prostate, esophagus, lung, endometrial, and ovarian, all of which are known to 
express higher levels of EpCAM relative to their normal counterparts  [  46  ] .  

   Table 19.2    Cytotoxic activity of common chemotherapeutic drugs   

 Drug 

 IC 
50

  (nM) 

 NIH:OVCAR-3  A-375  Daudi  HMEC 

 Paclitaxel  <10 −6   4.9 × 10 −6   <10 −6   <10 −6  
 Docetaxel  <10 −6   <10 −6   <10 −6   <10 −6  
 Vincristine  4.4 × 10 −6   <10 −6   <10 −6   <10 −6  
 Topotecan  0.071  1.5  0.009  4.1 
 VB6-845  1.0  >1,000  >1,000  220 
 Doxorubicin  3.0  2.8  16 × 10 -6   16 
 Mitomycin C  28  14  2.8  50 
 Bleomycin Sulfate  30  170  22  600 
 Bleomycin A5  150  290  130  1,000 
 Irinotecan  180  900  190  1,000 
 Etoposide  210  280  1.7  600 
 Methotrexate  >1,000  6.0  3.6  41 
 Fluorouracil  >1,000  >1,000  >1,000  >1,000 
 Cyclophosphamide  >1,000  >1,000  >1,000  >1,000 
 Cisplatin  >1,000  >1,000  >1,000  >1,000 

  Representative IC 
50

  of two independent experiments. Adapted with permission from Cizeau et al.  [  34  ]   



354 J. Entwistle et al.

   In Vivo Ef fi cacy 

 Since VB6-845 was highly potent against ovarian cell lines, SCID mice bearing 
established subcutaneous NIH:OVCAR-3 human tumor xenografts were used to 
evaluate the in vivo ef fi cacy and tolerability of VB6-845 using 10 and 20 mg/kg 
doses. No signi fi cant weight loss was observed over the course of the treatment, 
indicating that both dose levels were well tolerated. The maximum tumor volume in 
the 10 mg/kg treated group was on average 40 mm 3  at the end of the study with 3/15 
mice being tumor free. However, tumor growth was negligible in the 20 mg/kg 
treated group with a signi fi cantly higher number of tumor free mice (12/15) than 
observed in the control group  [  34  ]  (Fig.  19.2a ). Of the 15 mice in the untreated group, 
11 reached the 750 mm 3  endpoint tumor volume. In contrast, treatment with 10 and 
20 mg/kg of VB6-845 resulted in 100% survival by the end of the study with none of 
the treated mice reaching the 750 mm 3  endpoint tumor volume (Fig.  19.2b ).  

 Given the promising in vitro and in vivo ef fi cacy data, a comprehensive pharma-
cokinetic and toxicokinetic program was undertaken to determine the safety pro fi le 
of this drug and to establish a safe starting dose in humans.  

   Selection of an Animal Model 

 In order to establish a pharmacologically relevant model for use in toxicology studies, 
several animal species (mouse, rat, and dog) including non-human primates (cyno-
molgus monkey, Rhesus monkey, and chimpanzee) were screened for binding 
cross-reactivity with VB6-845 through immunohistochemical analysis. With the 
exception of chimpanzees, no tissue cross-reactivity was observed. Given the ethical 
concerns surrounding the use of chimpanzees, this species was not considered suitable 
for toxicological testing. Therefore, it was determined that VB6-845 would not be 
pharmacologically active in terms of EpCAM binding in species typically used to 
conduct toxicology studies. This outcome was expected and observed in a previous 
preclinical evaluation of an EpCAM targeting scFv linked to  Pseudomonas  ETA 
 [  47,   48  ] . Consequently, the Sprague–Dawley rat was chosen for single-dose toxico-
logical testing as it represented a well-characterized model for immunotoxin testing 
and in the case of some ETA-based immunotoxins has shown symptoms closely 
resembling VLS in humans  [  49,   50  ] . Given the lack of a cross-reactive species, it 
was decided that a second repeat-dose toxicity study would be performed in a non-
human primate model (cynomolgus monkey) to provide another level of safety that 
would mimic the treatment regimen and route of administration to be used in the 
clinic. This same approach was used in the repeated-dose toxicology testing of the 
ADC Mylotarg, where its target antigen was only expressed in humans and larger 
primates  [  51  ] . It is important to note that subsequent to this study, IHC S6 regulations 
were amended to stipulate that tissue cross-reactivity is not an appropriate criterion 
for selecting a relevant species for the safety evaluation of immunotherapeutics. 
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  Fig. 19.2    Median tumor growth curves and survival plots. ( a ) NIH:OVCAR-3 human ovarian 
xenografts were generated from tumor fragments implanted subcutaneously into the  fl ank of each 
mouse. On Day 1 of the study (8 days post-implantation), mice were randomly sorted into three 
groups ( n  = 15). Group 1, untreated mice (  fi lled circles ), served as tumor growth controls. Mice in 
Groups 2 ( open circles ) and 3 ( inverted  fi lled triangle ) received 10 and 20 mg/kg doses, respec-
tively, administered on a 5-days-on, 2-days-off cycle for 3 weeks, followed by twice weekly for 4 
weeks. The route of administration was a bolus intravenous ( IV ) injection into the tail vein until 
Day 26, followed by intraperitoneal ( IP ) injection for the remaining doses due to tail swelling. 
Animals were monitored for tumor size and were euthanized when their tumors reached the end-
point volume (750 mm 3 ) or on the last day of the study, Day 75. Animals dosed at 20 mg/kg 
showed no increase in median tumor volume,  p  < 0.001. Reprinted with permission from Cizeau 
et al.  [  34  ] . ( B ) Kaplan–Meier survival plots. Animals from both treatment groups survived beyond 
the end of the study       
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Transgenic animals were also considered; however, their pattern of EpCAM expression 
was different when compared to humans and they were therefore unsuitable as 
pharmacologically relevant models  [  52–  54  ] .  

   Animal Toxicology Studies 

   Single-Dose Toxicology in Sprague–Dawley Rats 

 Sprague–Dawley rats (three/sex/dose) were administered a single IV bolus of VB6-
845 via the lateral tail vein at doses of 6.25, 25, 50, 100, or 200 mg/kg, followed by 
a 2-week observation period. No overt adverse clinical signs were observed in ani-
mals administered up to and including 100 mg/kg of VB6-845. However, rats 
administered 200 mg/kg demonstrated clinical signs that included excessive licking 
of forepaws, reddened skin on fore and hind paws, edema of the forepaws, and a 
slight decrease in activity level. Rats in both the 100 and 200 mg/kg dose groups 
showed less body weight gain when compared to the control group. 

 Dose-dependent increases in alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST) levels were detected following the administration of VB6-845 
at 100 and 200 mg/kg. In both treatment groups, the changes in hepatic function 
were transient as AST returned to control levels by Day 8, and ALT returned to 
control levels by Day 15. On the basis of the elevated AST and ALT levels, as well 
as the paw oedema, the MTD was determined to be 200 mg/kg. The no-observable-
adverse-effect level (NOAEL) for VB6-845 was determined to be 100 mg/kg. From 
these results, a repeated-dose toxicology study was undertaken in a non-human pri-
mate model mimicking the proposed clinical strategy for drug delivery.  

   Repeated-Dose Toxicology in Cynomolgus Monkeys 

 A GLP study was conducted to evaluate the systemic effects of repeated doses of 
VB6-845 administered via IV infusion in cynomolgus monkeys. In all, four treat-
ment groups of Two/sex/group were administered VB6-845 at 10, 30, 60, or 90 mg/
kg on Days 1 and 8 with additional recovery groups of one/sex/group (administered 
60 or 90 mg/kg) maintained for a 20-day recovery period. The test article was 
administered to all groups via a 3 h infusion on Days 1 and 8, at a dose volume of 
10 mL/kg/h, to mimic the route and infusion time intended for the clinic. Given the 
foreign nature of VB6-845 in this species and the expected immune response, repeat 
dosing was limited to two treatments. Parameters monitored included mortality, 
clinical signs, and body weight and food consumption. Blood samples were col-
lected for hematology and clinical chemistry evaluations as well as for the determi-
nation of the pharmacokinetic pro fi le and immunogenicity of VB6-845. At the end 
of the study, complete necropsy examinations were performed and a standard panel 
of tissues was microscopically examined. 
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 There were no mortalities or changes in body weight. Treatment-related clinical 
signs were limited to decreased activity and hunched posture following the second 
treatment at all dose levels, with no indication of a dose relationship. These clinical 
signs generally resolved by the next day. Red cell parameters (erythrocytes, hemoglo-
bin, and hematocrit) were comparably decreased in all treatment groups on Day 7, and 
continued to decrease through Day 14 in the Recovery Group, suggestive of a test 
article-related effect. Increased reticulocytes on Day 14 were compatible with a delayed 
bone marrow regenerative response. Transient and reversible increases in liver enzymes 
(AST, ALT, and SDH) were observed throughout the treatment; however, the changes 
did not appear to be dose-dependent and resolved by Day 20 in the Recovery Group. 

 Histopathological changes related to the administration of VB6-845 were dose-
dependent and were limited to the kidneys, liver, spleen (female only), and lymph 
nodes (female only). All treatment-related effects, with the exception of tubular 
degeneration at 60 and 90 mg/kg that was still ongoing, were resolved by the end of 
the observation period. Due to the lack of tissue cross-reactivity in this model, these 
 fi ndings would not be unexpected as these organs represent the primary routes of 
metabolic elimination for a protein of this size. 

 Based on the results, the NOAEL was determined to be 30 mg/kg and therefore 
used as the basis for calculating a safe starting dose in the clinic  [  55,   56  ] . A dose 
level of 30 mg/kg in cynomolgus monkeys approximates a 10 mg/kg dose in humans 
 [  55  ]  and applying the generally accepted 1 log lower safety margin resulted in the 
starting dose for humans being set at 1 mg/kg.   

   Pharmacokinetics in Cynomolgus Monkeys 

 The toxicokinetic pro fi le of VB6-845 was evaluated as part of the repeated-dose 
toxicology study in cynomolgus monkeys, using an ELISA. Plasma samples were 
taken from two males and two females in the main study group at 0, 0.5, 1, 2, 4, and 
24 h following a 3 h infusion of 10, 30, 60, and 90 mg/kg of VB6-845. Analysis 
indicated a proportional relationship between dose level and pharmacokinetic 
parameters in samples collected on both Day 1 and Day 8 (Table  19.3 ). Dose escala-
tion was directly proportional to the mean peak ( C  

max
 ) as well as the extent of the 

exposure (AUC
(last)

). Although  C  
max

  values increased in a dose proportional manner 
on both Day 1 and Day 8, peak exposure levels were lower on Day 8 at all dose 
levels. The lower  C  

max
  on Day 8 at all dose levels had an effect on clearance ( C  L ) 

and volume distribution ( V  
d
 ) that was most likely due to an immune response in the 

animals. The mean half-life ( t  
1/2

 ) values of VB6-845 on Days 1 and 8 were 2.5 ± 0.1 
and 2.4 ± 0.5 h, respectively. The half-life was in the expected range for a 77 kDa 
drug and was similar to that obtained in a previous study with VB4-845 an anti-
EpCAM scFv-ETA immunotoxin  [  48  ] . Some variability was observed between 
males and females; however, a statistical difference could not be calculated due to 
the limited sample size in each dosing group. The approximate 2.5 h half-life of 
VB6-845 indicated that full clearance of the drug would be expected between doses 
when patients are administered a once-weekly dose.   



358 J. Entwistle et al.

   Immunogenicity in Cynomolgus Monkeys 

 As both the antibody and toxin moieties of VB6-845 were foreign proteins to the 
cynomolgus monkeys, an immune response was expected and not considered pre-
dictive for humans. However, determining the immunogenic potential of protein 
therapeutics in animal models, particularly non-human primates, is important for 
identifying potential safety concerns that may arise in patients  [  57  ] . 

 The immunogenicity of VB6-845 was evaluated in cynomolgus monkeys as part 
of the repeated-dose toxicology study with plasma samples taken from Main Study 
Group animals on Days 0 and 7 (Two/sex/dose) and from Recovery Group animals 
on Days 0, 7, 14, 21, and 28 (one male and one female per dose cohort) following 
IV administration of VB6-845. Samples were analyzed by ELISA to determine the 
presence of antibodies against the Fab fragment (4D5MOCB) and de-bouganin. 
Antibodies were detected 14 days after the  fi rst infusion with the majority of the 
response being directed towards the Fab portion of the molecule and to a lesser 
extent against the de-immunized bouganin moiety (Fig.  19.3 ). While this result 
demonstrated that de-bouganin was minimally immunogenic, a  fi nal assessment of 
the effectiveness of the de-immunization strategy can only be determined following 
repeat dosing in patients.   

   Summary of Preclinical Evaluation 

 The in vitro and in vivo preclinical data demonstrated the speci fi city and nanomolar 
potency of VB6-845 against EpCAM-positive cell lines and human tumor xenografts, 
respectively. A comprehensive toxicological program showed the safety and tolerabil-
ity pro fi le of VB6-845 and determined a safe starting dose of 1 mg/kg in the clinic.   

   Table 19.3    Pharmacokinetic parameters in Cynomolgus monkeys   
 Dose level 
(mg/kg)  Day   C  

max
  ( m g/mL) 

 AUC 
(last)

  
(h  m g/mL)   t  

1/2
  (h)  CL (mL/h/kg)   V  

d
  (mL/kg) 

 10  1  139 ± 30.8  801 ± 348  2.4 ± 0.1  14.5 ± 6.4  50.9 ± 24.4 
 8  74.6 ± 22.5  291 ± 124  2.7 ± 0.4  39.6 ± 17.1  158 ± 84.0 

 30  1  335 ± 47.3  1,784 ± 107  2.5 ± 0.1  16.9 ± 1.0  59.5 ± 4.4 
 8  245 ± 49.6  792 ± 160  2.7 ± 0.6  39.1 ± 8.3  147 ± 14.9 

 60  1  716 ± 134  3,682 ± 415  2.6 ± 0.1  16.4 ± 1.9  62.0 ± 6.5 
 8  433.5 ± 179  1,354 ± 496  2.3 ± 0.3  48.7 ± 16.4  165 ± 70.9 

 90  1  1,255 ± 270  6,770 ± 2214  2.5 ± 0.1  14.2 ± 3.7  51.1 ± 15.3 
 8  648 ± 230  2,585 ± 902  1.9 ± 0.2  38.2 ± 13.3  108 ± 45.3 

  Data for males and females are combined. Values are means ± SD,  n  = 4.  C  
 max 

  maximum observed 
drug concentration in plasma;  AUC  

 (last) 
  area under the drug concentration–time curve from time 0 

to time  t , where  t  is the time of the last measurable plasma concentration;  t  
 1/2 

  elimination;  CL  
apparent plasma clearance;  V  

 d 
  apparent volume of distribution  
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   Clinical Experience with VB6-845 

   Study Design and Dose Escalation 

 The primary study objective of the Phase I trial was to determine the maximum 
tolerated dose (MTD) and evaluate the safety and tolerability of VB6-845 when 
administered as an IV monotherapy infusion, once weekly, in 4-week cycles. 
Secondary objectives included evaluating the pharmacokinetic pro fi le, assessing 
exploratory ef fi cacy, and in particular examining the immunogenicity of VB6-845. 

 Dose cohorts of a minimum of 3 subjects with EpCAM-positive, advanced 
refractory solid tumors of epithelial origin as detected by immunohistochemistry 
were entered into the study which was carried out at a total of six investigative sites. 
The occurrence of a dose-limiting toxicity (DLT) in a cohort required the expansion 
of that dose cohort to six subjects and subjects who discontinued from the study 
prior to having received a minimum of four doses of VB6-845 were replaced. The 
starting dose was de fi ned as 1 mg/kg and doses were escalated, according to a 
modi fi ed Fibonacci design, until an MTD was reached. The MTD was de fi ned as 
the highest dose at which <2 out of six patients experienced a DLT. Subjects contin-
ued to receive treatment until an unacceptable toxicity occurred, all lesions com-
pletely disappeared, disease progression was determined, or the study was 
terminated. Patients were assessed for safety by monitoring of adverse events (AEs), 
clinical laboratory tests, standard 12-lead ECGs, vital signs, and physical examina-
tions. AEs were graded according to the National Cancer Institute Common 
Terminology Criteria for Adverse Events, version 3.0 (NCI CTC AE v3.0). 
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  Fig. 19.3    Immunogenicity in Cynomolgous monkeys dosed at 90 mg/kg against the Fab fragment 
(  fi lled circles ) and de-bouganin ( open circles ). Mean antibody titers ± SE,  n  = 2.       
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 A total of 15 subjects were enrolled into the study with solid tumors that included 
renal, ovary, breast, gastric, pancreas, non-small cell lung, and colorectal cancers. 
Three subjects were enrolled at the  fi rst cohort dose level of 1 mg/kg, ten subjects 
at the second cohort dose level of 2 mg/kg, and two subjects at the third cohort dose 
level of 3.34 mg/kg. The study was terminated when suf fi cient data had been col-
lected to assess the immunogenicity of VB6-845 (see below). The maximum treat-
ment duration was 16 weeks.  

   Safety Evaluation 

 Only one DLT was reported. This event was a grade 4 acute infusion reaction which 
occurred in a subject (cohort 2 at 2.0 mg/kg) with metastatic renal cell carcinoma. 
The subject developed hypotension and weakness during the third infusion, which 
was assessed as probably related to VB6-845. The event responded well to medi-
cated therapy and was considered to be resolved 1 day after onset, without any 
sequelae. The MTD of VB6-845 was not reached at the time of study termination. 

 Of the 15 subjects who received treatment, 5 subjects reported a total of 5 serious 
adverse events (SAEs). Two of the reported SAEs were reported as related to study 
treatment. Both treatment-related SAEs were infusion reactions and consisted of a 
symptom complex characterized in both cases by hypotension, fever, and nausea, 
and on an individual basis included dizziness, weakness, drowsiness, chills, and 
hyperemia of the face and neck. The  fi rst infusion reaction event was grade 3 and 
resolved with standard therapy. The subject continued subsequent VB6-845 infu-
sions with corticosteroid and H1 and H2-receptor antagonist pre-medication; the 
second event was grade 4 and assessed as the single reported DLT, as described 
above. The subject was discontinued from the study in accordance with the protocol 
treatment stopping criteria. 

 Due to the early closure of the trial, adverse event results are based on data avail-
able in the clinical database at the time of study termination. At least one treatment-
related AE (de fi ned as possibly, probably, or de fi nitely related) was experienced by 
ten subjects. The majority of the treatment-related AEs reported were assessed as 
mild or moderate in severity and resolved within 1–2 days. The most frequently 
reported treatment-related AEs were associated with general disorders and admin-
istration site conditions. Within this group, pyrexia was reported most frequently.  

   Exploratory Ef fi cacy Evaluation 

 A secondary endpoint of the study was to make an exploratory assessment of 
ef fi cacy. Patients had full imaging performed (including, but not limited to, the 
chest, abdomen, pelvis, and bone architecture) at baseline in order to establish all 
existing lesions using standard imaging techniques (CT/MRI for chest, abdomen, 
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and pelvis; and a bone scan for bone architecture with following CT/MRI if bone 
scan is positive for any lesions). Post-baseline assessments of all sites of disease 
were made every 4 weeks using the same techniques as used at baseline. Up to ten 
sites of measurable disease were identi fi ed as “target” lesions for the assessment of 
tumor response. Non-radiographically measurable tumors were assessed for a clini-
cal response by the Investigator. 

 Exploratory ef fi cacy data reported on seven subjects enrolled in cohorts 1 and 2 
who completed one full cycle (4 weeks) of treatment revealed encouraging pre-
liminary results. Five of the seven subjects showed stable disease on CT scans 1 
week after the completion of the fourth dose. Of the three subjects who continued 
to receive study treatment past the  fi rst cycle, one subject continued to have stable 
disease at the completion of their second (8 weeks) and third (12 weeks) cycles. In 
addition, objective tumor responses, based on data reported by the investigative 
sites at the time of study termination, demonstrated a decrease in measurable target 
tumor size in two patients in the second dose cohort; one with renal cell carcinoma 
and another with breast carcinoma. At baseline, the subject with renal cell carci-
noma had six measurable target lesions in the lungs, as well as a measurable target 
lesion in a pulmonary lymph node and the pelvic mesentery. At the  fi nal visit (fol-
lowing the week 3 infusion), reported CT scan results showed decreases in all 
measurable target lesions, with decreases in individual lesions ranging from 11 to 
29%. Other nontarget, nonmeasurable lesions appeared unchanged and the appear-
ance of a potentially new brain lesion (inaccessible to VB6-845 therapy) was noted. 
At baseline, the subject with breast carcinoma had  fi ve measurable target lesions in 
the liver as well as three additional measurable target lymph nodes in the mediasti-
nal, pre-tracheal, and bifurcational areas. CT scan results reported following the 
completion of 4 weekly infusions of VB6-845 revealed decreases in four of the  fi ve 
measurable target lesions in the liver, with decreases in individual lesions ranging 
from 4 to 15%. Nontarget, nonmeasurable lesions in lungs, liver, and bones were 
reported as stable.  

   Pharmacokinetics 

 Patient blood samples were taken for pharmacokinetic analysis on weeks 1 and 3 
before, during, and after the 3 h infusion; analysis was completed only for the 1 and 
2 mg/kg cohorts. The slow infusion rate was chosen to avoid a cytokine response 
and to maintain an elevated drug plasma concentration for a longer period of time 
than would have been achieved with a bolus injection. Sampling was performed 
according to the following schedule: pre-infusion, midpoint infusion (1.5 h), end of 
infusion, post-infusion 10 and 30 min; and 1, 2, 4, 6, 8, 12, and 24 h post-dose. The 
level of VB6-845 was measured using a GLP-validated, MTS-based potency assay. 
The assay detected VB6-845-mediated killing of CAL-27 cells, an EpCAM-positive 
cell line, and the IC 

50
  values obtained are directly proportional to the concentration 

of intact drug; the lower detection limit of the assay was 14 pg/mL. 
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 Standard pharmacokinetic parameters were determined for both dose levels 
(Table  19.4a ). The maximum concentration ( C  

max
 ) measured for patients dosed at 

1 mg/kg ranged from 8.08–12.26  m g/mL in week 1 to 0.07–3.50  m g/mL at week 
3. For patients dosed at the 2 mg/kg level, the  C  

max
  values ranged from 4.76–

23.2  m g/mL in week 1 to 1.15–21.6  m g/mL at week 3. The mean maximal plasma 
concentration for both dose cohorts was at the end of the 3 h infusion. A compari-
son of the two dose cohorts indicated a dose proportionality that was concentra-
tion dependent similar to that observed in the non-human primate study. The 
mean elimination time ( t  

1/2
 ) for patients dosed at 1 mg/kg was 3.8 h on week 1 

and 2.2 h on week 3 and for the 2 mg/kg group was 4.9 h on week 1 and subse-
quently 2.6 h on week 3. The peak exposure levels and half-life of VB6-845 were 
lower in all patients by week 3; however, the reduction was considerably less in 
the 2 mg/kg group. VB6-845 was cleared fairly rapidly within the  fi rst 24 h fol-
lowing infusion consistent with its molecular size. The highest concentration of 
drug detected for each dose cohort was >2 logs over the IC 

50
  value of VB6-845 

(0.6 nM) versus the ovarian carcinoma cell line NIH:OVCAR-3, whereas the 
lowest drug concentration at the 24 h time point approximated the IC 

50
  concen-

tration (Table  19.4b ).    

   Table 19.4a    Pharmacokinetic parameters in patients   
 Dose level 
(mg/kg)  Week   C  

max
  ( m g/mL)   t  

1/2
  (h) 

 AUC 
(last)

  
(h  m g/mL)  Cl (mL/h/kg)   V  

d
  (mL/kg) 

 1  1  9.6 ± 2.3  3.8 ± 1.3  35.2 ± 13.3  30.8 ± 9.5  183 ± 99.6 
 3  1.4 ± 1.8  2.2 ± 1.6  4.6 ± 6.1  859 ± 936  4,020 ± 5970 

 2  1  16.3 ± 5.8  4.9 ± 1.5  60.3 ± 24.8  40.5 ± 22.8  309 ± 245 
 3  10.9 ± 9.6  2.6 ± 2.2  41.7 ± 46.5  299 ± 399  552 ± 503 

  Data for males and females are combined. Values are means ± SD.  C  
 max 

 , maximum observed drug 
concentration in plasma;  t  

 1/2 
  elimination half-life;  AUC  

 (last) 
  area under the drug concentration–time 

curve from time 0 to time  t , where  t  is the time of the last measurable plasma concentration;  CL  
apparent plasma clearance;  V  

 d 
  apparent volume of distribution  

   Table 19.4b    Kinetics of VB6-845 plasma clearance in patients   

 Dose level 
(mg/kg) 

 Mean VB6-845 plasma concentration (nM) 

 Infusion time interval  Post-infusion time intervals (h) 

 Pre-dose  Infusion-3 h  1  2  4  8  12  24 

 1  N/A    123.95 
 (206.6) 

        63.53 
 (105.9) 

    39.07 
 (65.1) 

    15.50 
 (25.8) 

    2.68 
 (4.5) 

    1.02 
 (1.7) 

 0.2 
 (0.3) 

 2  N/A    196.93 
 (328.2) 

   108.98 
 (181.6) 

    52.15 
 (86.9) 

    21.98 
 (36.6) 

    3.80 
 (6.3) 

    1.46 
 (2.43) 

 0.41 
 (0.68) 

  Values in parentheses represent the fold increase in nM concentration of VB6-845 expressed as a 
function of the VB6-845 IC 

50
  concentration versus ovarian carcinoma cell line NIH:OVCAR-3  
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   Immunogenicity 

 To assess the effectiveness of the bouganin de-immunization strategy, patient plasma 
samples were tested for immune responsiveness to the humanized Fab and de-bou-
ganin portions of VB6-845 (Fig.  19.4 ). No measurable antibody titers were directed 
against either molecule in any of the patients after 2 weeks. A relatively weak anti-
de-bouganin titer was measured in only one of the patients after the  fi rst 3 weeks of 
treatment, as compared to six of seven patients who showed anti-Fab titers at the 
same time point. By week 4, all patients from both dose cohorts had measurable 
anti-Fab titers (mean titer = 27,858 ± 25,744, n = 5). In contrast, only two of these 
patients had berely detectable anti-de-bouganin titers (mean titer 1,513 ± 65.1). The 
lack of immune responsiveness towards de-bouganin, a totally foreign protein, in 
these patients illustrates the validity of the T cell epitope-depletion approach to 
dampen the immune response and strongly supports the utility of de-bouganin as a 
cytotoxic payload for systemic delivery. Even though the CDR loops of the mouse 
anti-EpCAM antibody were grafted onto a humanized framework, immune reactiv-
ity is not necessarily unexpected as humanized and even fully human antibodies can 
exhibit some degree of immunogenicity in the clinic  [  58  ] . The strength and degree 
of this antibody response on ef fi cacy and/or safety will often depend upon the anti-
body itself and the indication being treated. In order to reintroduce VB6-845 to the 
clinic, the T cell epitopes of the Fab fragment have been identi fi ed and removed 
while preserving speci fi city and potency.    

   Summary 

 The potency and ef fi cacy of immunotoxins as cancer therapeutics, particularly for 
treating cancers of hematologic origin, have been well demonstrated over the last 
two decades. However, the clinical effectiveness of immunotoxins for solid cancer 
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  Fig. 19.4    Antibody titers measured against de-bouganin (1 mg cohort (  fi lled circles ); 2 mg cohort 
( open circles ) and the Fab moiety (1 mg cohort ( open diamonds ); 2 mg cohort (  fi lled diamonds )) 
of VB6-845. For 1 mg cohort n = 3 for all weeks. For 2 mg cohort, n = 9 for weeks 1 and 2, n = 4 for 
week 3, and n = 2 for week 4       
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therapy has been limited by their immunogenicity directed primarily at the toxin 
moiety. VB6-845 was well tolerated and showed preliminary ef fi cacy in the 
exploratory Phase I trial. The clinical data supported the continued development of 
VB6-845 as a promising new therapy for advanced solid tumors of epithelial origin. 
An important endpoint of this study was to assess the immunogenicity of VB6-845 
as the appearance of ADAs would reduce the number of treatment cycles and limit 
clinical bene fi t. The study showed the de-bouganin payload to be of low immuno-
genic potential with a minimal de-bouganin response and therefore represents a  fi rst-
in-man demonstration of a successfully de-immunized protein toxin. On the strength 
of the clinical experience with VB6-845, Viventia is currently evaluating several 
Fab-de-bouganin molecules speci fi c to solid tumors. These antibodies were charac-
terized using an immune driven antibody platform which comprises a novel screen-
ing method to generate fully human antibody fragments, thus circumventing the need 
to de-immunize the targeting moiety     [  59  ] . Reducing or completely ablating the 
appearance of anti-toxin antibodies with de-immunization strategies will permit a 
true assessment of the clinical bene fi t of immunotoxins in targeted cancer therapy.      

   References 

    1.    Carter PJ, Senter PD (2008) Antibody-drug conjugates for cancer therapy. Cancer J 
14(3):154–69  

    2.    Boyiadzis M, Foon KA (2008) Approved monoclonal antibodies for cancer therapy. Expert 
Opin Biol Ther 8(8):1151–58  

    3.    Ross JS, Gray K, Gray GS, Worland PJ, Rolfe M (2003) Anticancer antibodies. Am J Clin 
Pathol 119:472–85  

    4.    Teicher BA (2009) Antibody-drug conjugate targets. Curr Cancer Drug Targets 9:982–1004  
    5.    Hellström I, Hellström KE, Siegall CB, Trail PA (1995) Immunoconjugates and immunotoxins 

for therapy of carcinomas. Adv Pharmacol 33:349–88  
    6.    Reiter Y (2001) Recombinant immunotoxins in targeted cancer cell therapy. Adv Cancer Res 

81:93–124  
    7.    Stirpe F, Battelli MG (2006) Ribosome-inactivating proteins: progress and problems. Cell Mol 

Life Sci 63:1850–66  
    8.    Kreitman RJ (2006) Immunotoxins for targeted cancer therapy. AAPS J 8(3):E532–51  
    9.   Van Arnum P (2008) Antibody drug conjugates: a marriage of biologics and small molecules. 

Pharm Technol.   http://pharmtech. fi ndpharma.com/pharmtech/Ingredients+Insider/Antibody-
Drug-Conjugates-A-Marriage-of-Biologics-a/ArticleStandard/Article/detail/522139    . 
Accessed 5 Nov 2010  

    10.    Turturro F (2007) Denileukin diftitox: a biotherapeutic paradigm shift in the treatment of lym-
phoid-derived disorders. Expert Rev Anticancer Ther 7(1):11–17  

    11.    Phillips GD, Li G, Duggar DL, Crocker LM, Parsons KL, Mai E, Blattler WA, Lambert JM, 
Chari RV, Lutz RJ, Wong WL, Jacobson FS, Koeppen H, Schwall RH, Kenkare-Mitra SR, 
Spencer SD, Sliwkowski MX (2008) Targeting HER2-positive breast cancer with 
Trastuzumab-DM1 an antibody-cytotoxic drug conjugate. Cancer Res 68(22):9280–9290  

    12.    Kreitman RJ, Pastan I (2006) Immunotoxins in the treatment of hematologic malignancies. 
Curr Drug Targets 7(10):1301–11  

    13.    Wayne AS, Kreitman RJ, Findley HW, Lew G, Delbrook C, Steinberg SM, Stetler-Stevenson 
M, FitzGerald DJ, Pastan I (2010) Anti-CD22 immunotoxin RFB4(dsFv)-PE38 (BL22) for 

http://pharmtech.findpharma.com/pharmtech/Ingredients+Insider/Antibody-Drug-Conjugates-A-Marriage-of-Biologics-a/ArticleStandard/Article/detail/522139
http://pharmtech.findpharma.com/pharmtech/Ingredients+Insider/Antibody-Drug-Conjugates-A-Marriage-of-Biologics-a/ArticleStandard/Article/detail/522139


36519 The Preclinical and Clinical Evaluation of VB6-845...

CD22-positive hematologic malignancies of childhood: preclinical studies and Phase I clinical 
trial. Clin Cancer Res 16(6):1894–1903  

    14.    Frankel AE (2004) Reducing the immune response to immuntotoxin. Commentary re R. 
Hassan et al., Pretreatment with Rituximab does not inhibit the human immune response 
against the immunogenic protein LMB-1. Clin Cancer Res 10:13–15  

    15.    MacDonald GC, Glover N (2005) Effective tumor targeting: strategies for the delivery of 
armed antibodies. Curr Opin Drug Discov Devel 8(2):177–83  

    16.    Niv R, Cohen CJ, Denkberg G, Segal D, Reiter Y (2001) Antibody engineering for targeted 
therapy of cancer: recombinant Fv-immunotoxins. Curr Pharm Biotechnol 2:19–46  

    17.    Brinkmann U, Keppler-Hafkemeyer A, Hafkemeyer P (2001) Recombinant immunotoxins for 
cancer therapy. Expert Opin Biol Ther 1(4):693–702  

    18.    Li Z, Yu T, Zhao P, Ma J (2005) Immunotoxins and cancer therapy. Cell Mol Immunol 
2(2):106–12  

    19.    Pastan I, Hassan R, FitzGerald DJ, Kreitman RJ (2007) Immunotoxin treatment of cancer. 
Annu Rev Med 58:221–37  

    20.    MacDonald GC, Rasamoelisolo M, Entwistle J, Cizeau J, Bosc D, Cuthbert W, Kowalski M, 
Spearman M, Glover N (2008) A Phase I clinical study of VB4-845: weekly intratumoral 
administration of an anti-EpCAM recombinant fusion protein in patients with sqamous cell 
carcinoma of the head and neck. Drug Des Dev Ther 2:105–14  

    21.    MacDonald GC, Rasamoelisolo M, Entwistle J, Cuthbert W, Kowalski M, Spearman MA, 
Glover N (2009) A Phase I clinical study of intratumorally administered VB4-845, an anti-
epithelial cell adhesion molecule recombinant fusion protein, in patients with squamous cell 
carcinoma of the head and neck. Med Oncol 26(3):257–64  

    22.    Kowalski M, Entwistle J, Cizeau J, Niforos D, Loewen S, Chapman W, MacDonald GC (2010) 
A phase I study of an intravesically administered immunotoxin targeting EpCAM for the treat-
ment of non muscle-invasive bladder cancer in BCG-refractory and BCG-intolerant patients. 
Drug Des Devel Ther 4:313–20  

    23.    Tsutsumi Y, Onda M, Nagata S, Lee B, Kreitman RJ, Pastan I (2000) Site-speci fi c chemical 
modi fi cation with polyethylene glycol of recombinant immunotoxin anti-Tac(Fv)-PE38 
(LMB-2) improves antitumor activity and reduces animal toxicity and immunogenicity. Proc 
Natl Acad Sci USA 97(15):8548–53  

    24.    Onda M, Beers R, Xiang L, Nagata S, Wang Q, Pastan I (2008) An immunotoxin with greatly 
reduced immunogenicity by identi fi cation and removal of B cell epitopes. Proc Natl Acad Sci 
USA 105(32):11311–16  

    25.    Nagata S, Pastan I (2009) Removal of B cell epitopes as a practical approach for reducing the 
immunogenicity of foreign protein-based therapeutics. Adv Drug Deliv Rev 61(11):977–85  

    26.    De Groot AS, Scott DW (2007) Immunogenicity of protein therapeutics. Trends Immunol 
28(11):482–90  

    27.    Stas P, Lasters I (2009) Strategies for preclinical immunogenicity assessment of protein thera-
peutics. IDrugs 12(3):169–73  

    28.    Baker MP, Reynolds HM, Lumicisi B, Bryson CJ (2010) Immunogenicity of protein therapeu-
tics the key causes, consequences and challenges. Self/Nonself 1(4):314–22  

    29.    Bolognesi A, Barbieri L, Carnicelli D, Abbondanza A, Cenini P, Falasca AI, Dinota A, Stirpe 
F (1989) Puri fi cation and properties of a new ribosome-inactivating protein with RNA 
 N -glycosidase activity suitable for immunotoxin preparation from the seeds of  Momordica 
cochinchinensis . Biochim Biophys Acta 993:287–92  

    30.    Bolognesi A, Barbieri L, Abbondanza A, Falasca AI, Carnicelli D, Battelli MG, Stirpe F (1990) 
Puri fi cation and properties of new ribosome-inactivating proteins with RNA  N -glycosidase 
activity. Biochim Biophys Acta 1087:293–302  

    31.    Barbieri L, Battelli MG, Stirpe F (1993) Ribosome-inactivating proteins from plants. Biochim 
Biophys Acta 1154:237–82  

    32.    Bolognesi A, Polito L, Tazzari PL, Lemoli RM, Lubelli C, Fogli M, Boon L, De Boer M, Stirpe 
F (2000)  In vitro  anti-tumour activity of anti-CD80 and anti-CD86 immunotoxins containing 
type 1 ribosome-inactivating proteins. Br J Haematol 110:351–61  



366 J. Entwistle et al.

    33.    den Hartog MT, Lubelli C, Boon L, Heerkens S (2002) Ortiz Buijsse AP, de Boer M, Stirpe F. 
Cloning and expression of cDNA coding for bouganin. A type-I ribosome-inactivating protein 
from  Bougainvillea spectabilis  Willd. Eur J Biochem 269:1772–79  

    34.    Cizeau J, Grenkow DM, Brown JG, Entwistle J, MacDonald GC (2009) Engineering and 
biological characterization of VB6-845, an anti-EpCAM immunotoxin containing a T-cell 
epitope-depleted variant of the plant toxin bouganin. J Immunother 32(6):574–84  

    35.    Willuda J, Honegger A, Waibel R, Schubiger A, Stahel R, Zangemeister-Wittke U, Pluckthun 
A (1999) High thermal stability is essential for tumor targeting of antibody fragments: engi-
neering of a humanized anti-epithelial glycoprotein-2 (epithelial cell adhesion molecule) sin-
gle-chain Fv fragment. Cancer Res 59:5758–67  

    36.    Litvinov SV, van Driel W, van Rhijn CM, Bakker HAM, van Krieken H, Fleuren GJ, Warnaar 
SO (1996) Expression of Ep-CAM in cervical squamous epithelia correlates with an increased 
proliferation and the disappearance of markers for terminal differentiation. Am J Pathol 
148(3):865–75  

    37.    Went P, Dirnhofer S, Schöpf D, Moch H, Spizzo G (2008) Expression and prognostic 
signi fi cance of EpCAM. J Cancer Mol 3(6):169–74  

    38.    Ralhan R, Cao J, Lim T, MacMillan C, Freeman JL, Wal fi sh PG (2010) EpCAM nuclear local-
ization identi fi es aggressive thyroid cancer and is a marker for poor prognosis. BMC Cancer 
10:331–41  

    39.    Momburg F, Moldenhauer G, Hämmerling GJ, Möller P (1987) Immunohistochemical study 
of the expression of a  M  

r
  34,000 human epithelium-speci fi c surface glycoprotein in normal and 

malignant tissues. Cancer Res 47:2883–91  
    40.    Ogura E, Senzaki H, Yoshizawa K, Hioki K, Tsubura A (1998) Immunohistochemical localiza-

tion of epithelial glycoprotein EGP-2 and carcinoembryonic antigen in normal colonic mucosa 
and colorectal tumors. Anticancer Res 18:3669–75  

    41.    Xie X, Wang C, Cao Y, Wang W, Zhuang R, Chen L, Dang N, Fang L, Jin B (2005) Expression 
pattern of epithelial cell adhesion molecule on normal and malignant colon tissues. World J 
Gastroenterol 11(3):344–47  

    42.    Münz M, Kieu C, Mack B, Schmitt B, Zeidler R, Gires O (2004) The carcinoma-associated 
antigen EpCAM upregulates c- myc  and induces cell proliferation. Oncogene 23:5748–58  

    43.   Food and Drug Administration (FDA) (1997) Points to consider in the manufacture and testing 
of monoclonal antibody products for human use  

    44.    Balzar M, Winter MJ, de Boer CJ, Litvinov SV (1999) The biology of the 17-1A antigen 
(Ep-CAM). J Mol Med 77:699–712  

    45.    Winter MJ, Nagtegaal ID, Han J, van Krieken JM, Litvinov SV (2003) The epithelial cell 
adhesion molecule (Ep-CAM) as a morphoregulatory molecule is a tool in surgical pathology. 
Am J Pathol 163(6):2139–48  

    46.    Went PTH, Lugli A, Meier S, Bundi M, Mirlacher M, Sauter G, Dirnhofer S (2004) Frequent 
EpCam protein expression in human carcinomas. Hum Pathol 35(1):122–28  

    47.    Brown JG, Entwistle J, Glover N, MacDonald GC (2008) Preclinical safety evaluation of immu-
notoxins. In: Cavagnaro JA (ed) Preclinical safety evaluation of biopharmaceuticals. A science-
based approach to facilitating clinical trials. John Wiley & Sons, Hoboken, NJ, pp 649–68  

    48.    Brown J, Rasamoelisolo M, Spearman M, Bosc D, Cizeau J, Entwistle J, MacDonald GC (2009) 
Preclinical assessment of an anti-EpCAM immunotoxin: locoregional delivery provides a safer 
alternative to systemic administration. Cancer Biother Radiopharm 24(4):477–87  

    49.    Siegall CB, Liggitt D, Chace D, Tepper MA, Fell HP (1994) Prevention of immunotoxin-
mediated vascular leak syndrome in rats with retention of antitumor activity. Proc Natl Acad 
Sci USA 91(20):9514–18  

    50.    Frankel AE, Kreitman RJ, Sausville EA (2000) Targeted toxins. Clin Cancer Res 6:326–34  
    51.    Bross PF, Beitz J, Chen G, Chen XH, Duffy E, Kieffer L, Roy S, Sridhara R, Rahman A, 

Williams G, Pazdur R (2001) Approval summary: gemtuzumab ozogamicin in relapsed acute 
myeloid leukemia. Clin Cancer Res 7:1490–96  

    52.    McLaughlin PMJ, Kroesen B, Dokter WHA, van der Molen H, de Groot M, Brinker MGL, 
Kok K, Ruiters MHJ, Buys CHCM, de Leij LFMH (1999) An EGP-2/Ep-CAM-expressing 



36719 The Preclinical and Clinical Evaluation of VB6-845...

transgenic rat model to evaluate antibody-mediated immunotherapy. Cancer Immunol 
Immunother 48:303–11  

    53.    McLaughlin PMJ, Harmsen MC, Dokter WH, Kroesen B, van der Molen H, Brinker MGL, 
Hollema H, Ruiters MHJ, Buys CHCM, de Leij LFMH (2001) The epithelial glycoprotein 2 
(EGP-2) promoter-driven epithelial-speci fi c expression of EGP-2 in transgenic mice: a new 
model to study carcinoma-directed immunotherapy. Cancer Res 61(10):4105–11  

    54.    Mosolits S, Campbell F, Litvinov SV, Fagerberg J, Crowe JS, Mellstedt H, Ellis JH (2004) 
Targeting human Ep-CAM in transgenic mice by anti-idiotype and antigen based vaccines. Int 
J Cancer 112:669–77  

    55.   Food and Drug Administration (FDA) (2005) Estimating the safe starting dose in clinical trial 
for therapeutics in adult healthy volunteers  

    56.   Food and Drug Administration (FDA) (2006) General guide for starting dose selection for a 
cytotoxic agent in cancer patients. Available from   http://www.fda.gov/cder/cancer/docs/
dose fl ow.pdf    . Accessed on 3 Nov 2010  

    57.    Wierda D, Smith HW, Zwickl CM (2001) Immunogenicity of biopharmaceuticals in labora-
tory animals. Toxicology 158:71–74  

    58.    Harding FA, Stickler MM, Razo J, DuBridge RB (2010) The immunogenicity of humanized 
and fully human antibodies. Residual immunogenicity resides in the CDR regions. mAbs 
2(3):256–65  

    59.    Cizeau J, Torres MGP, Cowling SG, Stibbard S, Premsukh A, Entwistle J, MacDonald GC 
(2011) Fusogenics: a recombinant immunotoxin-based screening platform to select internal-
izing tumor-speci fi c antibody fragments. J Biomol Screen 16(1):90–100      

http://www.fda.gov/cder/cancer/docs/doseflow.pdf
http://www.fda.gov/cder/cancer/docs/doseflow.pdf


369

     Index 

 A      
  Acid-cleavable hydrazone linkers , 123–124   
  ADCs.    See  Antibody–drug conjugates  
  Adriamycin , 107   
  Analytical characterization , 41–42   
  Analytical method, physicochemical 

characterization 
 cell-based viability assays , 51–52  
 chromatography , 43–45  
 immunoassays , 44  

 ADC binding measurements , 45  
 ELISA 

 antidrug antibodies , 48–49  
 competitive , 47  
 conjugated antibody , 47, 48  
 formats and reagents , 48  
 generic total antibody , 46  
 semi-homogeneous , 46  
 speci fi c total antibody , 46  

 mass spectrometry , 49–50  
 ultraviolet–visible 

spectrophotometry , 50   
  Ansamitocin , 16   
  Anti-body-dependent cellular cytotoxicity 

(ADCC) , 224–225   
  Antibody–drug conjugates (ADCs) 

 activity mechanism , 11, 12  
 antigen expression , 96  
 BR96-DOX conjugate , 14  
 clinical investigation , 4, 6–7  
 clinical trials 

 auristatins   ( see  Auristatins) 
 calicheamicin , 14, 109–110  

 DNA-targeting agents , 106  
 doxorubicin , 13, 107  
 duocarmycins , 110–112  
 effectors structure , 101  
 linker types , 100  
 maytansinoids   ( see  Maytansinoids) 
 microtubule-binding agents , 101–102  

 cytotoxic drugs , 13, 14  
 gemtuzumab ozogamicin , 14  
 history , 57–59  
 immune response , 96  
 inotuzumab ozogamicin , 16  
 internalization mechanisms , 97  
 linkers , 10  

 brentuximab vedotin , 16  
 cleavable linkers , 13  
 dipeptide , 16  
 hydrazone , 15, 16  
 limitations , 14  
 noncleavable linkers , 13  
 stability , 13, 97–98  

 MAbs , 10, 12–13  
 maytansine , 17  
 metabolite , 97  
 MLN2704 , 8  
 optimization of , 18  
 PSMA , 8  
 serum concentration , 96  
 structure , 10, 11, 94–95  
 target cells, delivery , 94  
 targets , 4, 8, 12–13  
 trastuzumab emtansine , 17  
 tumor localization , 97   

G.L. Phillips (ed.), Antibody-Drug Conjugates and Immunotoxins: From Pre-Clinical 
Development to Therapeutic Applications, Cancer Drug Discovery and Development,
DOI 10.1007/978-1-4614-5456-4, © Springer Science+Business Media New York 2013



370

  Auristatins 
 antimitotic agents , 104  
 dolastatin 16 , 104  
 MMAE , 16, 105, 108  
 MMAF , 105, 109  
 tubulin inhibitors , 15, 16   

  Aurora-A kinase overexpression , 80   
  Avastin , 93   

  B 
  B-cell malignancies treatment 

 anti-CD19 antibodies , 150–152  
 CD19 

 B lineage differentiation stages , 150  
 cytoplasmic domain , 149  
 mutations , 149  
 SAR3419   ( see  SAR3419) 

 clinical trials 
 ADC with rituximab , 142  
 CD70 expression , 142–143  
 DCDT2980S , 141  
 inotuzumab ozogamicin , 140–141  
 MDX-1203 , 143  
 SAR3419 , 141–142  
 SGN-75 , 143  

 preclinical ADC 
 CD79b , 144–145  
 epratuzumab-SN-38 , 143–144  
 hBU12 , 143  
 MDX-1206 , 143   

  Brentuximab vedotin (SGN-35) , 16  
 activation of , 303  
 adverse events , 166  
 bystander killing , 304  
 cAC10 , 163  
 cycle I pharmacokinetics , 170  
 dose-escalation trial , 166, 168  
 dose-limiting toxicities , 168  
 mechanism of action , 163, 164  
 MMAE , 163  
 peripheral neuropathy , 166  
 phase I trial , 166–169  
 pivotal studies , 170–172  
 preclinical studies , 163, 165–166  
 structure of , 163, 164    

  C 
  Calicheamicin , 16, 109–110   
  Campath , 93   
  Cantuzumab ravtansine , 131   

  CD56 
 immunoconjugates targeting , 275–276  
 Lorvotuzumab mertansine 

 antibody component of , 277–278  
 chemical structure , 275, 276  
 clinical development of , 283–286  
 cytotoxic “payload” component , 278  
 linker moiety and  fi nal design , 

278–279  
 mechanism of action , 279–281  
 in preclinical models , 281–282   

  CD30-positive malignancies 
 brentuximab vedotin (SGN-35) 

 adverse events , 166  
 cAC10 , 163  
 cycle I pharmacokinetics , 170  
 dose-escalation trial , 166, 168  
 dose-limiting toxicities , 168  
 mechanism of action , 163, 164  
 MMAE , 163  
 peripheral neuropathy , 166  
 phase I trial , 166–169  
 pivotal studies , 170–172  
 preclinical studies , 163, 165–166  
 structure of , 163, 164  

 TNFRSF8 , 162   
  CDX-011 (glembatumumab vedotin, 

CR011-vcMMAE) 
 clinical trials with 

 in breast cancer , 216, 217  
 in melanoma , 215–216  

 glycoprotein nonmetastatic B , 213–214  
 human IgG2 monoclonal antibody , 212  
 structure , 212–213   

  Cell-based viability assays , 51–52   
  Chromatography , 43–45   
  Cleavable disul fi de linkers , 120–121   
  Cleavable peptide linkers , 121–122   
  Clinical pharmacology 

 analytes , 29–30  
 assay development , 30–31  
 drug interaction , 33  
 drug-to-antibody ratio , 31  
 ECG evaluation , 34–35  
 exposure-response analysis , 34  
 gemtuzumab ozogamicin , 28, 29  
 immunogenicity , 32  
 internalization , 29  
 metabolism , 32–33  
 organ impairment , 34  
 pharmacokinetic comparability , 33  
 T-DM1   ( see  Trastuzumab emtansine)  

Index



371

  Combotox , 4   
  Cytotoxic payloads 

 potency , 98  
 solubility and membrane permeability , 

99–100  
 stability , 99, 100    

  D 
  Docetaxel , 198–199   
  Dolastatin-10 , 104, 250–251   
  Doxorubicin , 13, 107   
  Duocarmycins , 110–112    

  E 
  Enzyme-linked immunosorbent assay 

(ELISA) , 31  
 antidrug antibodies , 48–49  
 competitive , 47  
 conjugated antibody , 47, 48  
 formats and reagents , 48  
 generic total antibody , 46  
 semi-homogeneous , 46  
 speci fi c total antibody , 46   

  Erbitux , 93   
  Erythropoietin-producing hepatocellular (Eph) 

 EphA2 
 ectopic expression of , 244  
 in embryogenesis , 243  
 genetic deletion of , 243  
 human epithelial cancer , 243  
 monoclonal antibodies (mAb) , 245–246  
 small molecule tyrosine kinase 

inhibitors , 244–245  
 tumor overexpression pattern , 244  
 YSA and SWL , 245  

 MEDI-547 
 anti-EphA2 antibody drug conjugate , 

248, 249  
 dolastatin-10 , 250–251  
 immunoconjugate target , 246  
 lead identi fi cation , 246–248  
 PC3 cells , 248, 249  
 P-glycoprotein (PGP) , 250  

 structural organization , 241, 242    

  G 
  Gemtuzumab ozogamicin , 14, 28, 29   
  Glycoprotein nonmetastatic B , 213–214   
  Good laboratory practice (GLP) regulations , 26    

  H 
  Herceptin , 93   
  Human epidermal growth factor receptor 

type 2 (Her2) 
 anti-Her2 immunotoxins , 320, 321  
 immunotoxins 

 advantages , 320  
 B1D3/rGel , 335, 336  
 cell surface antigens , 334–335  
 cytotoxic activity , 328–331  
 functional activity analysis , 325  
 GrB , 338–339  
 hepatotoxicity of , 335  
 intermediate-af fi nity antibodies , 334  
 linker design , 325–326  
 RNases , 339  
 scFv af fi nity , 327–328  
 scFv/rGel, antitumor activity , 332–333  
 soluble Her2/neu antigen , 331–332  
 therapeutic application , 336–338  

 recombinant immunotoxins 
 peptide linker designs , 322–324  
 tumor-targeting scFv , 324  

 Trastuzumab–DM1 , 320  
 trastuzumab emtansine 

 metastatic breast cancer   
( see  Metastatic breast cancer) 

 preclinical studies , 182  
 structure , 180–182   

  Hydrazone linkers , 118    

  I 
  Immunoassays , 44  

 ADC binding measurements , 45  
 ELISA 

 antidrug antibodies , 48–49  
 competitive , 47  
 conjugated antibody , 47, 48  
 formats and reagents , 48  
 generic total antibody , 46  
 semi-homogeneous , 46  
 speci fi c total antibody , 46   

  Immunotoxins 
 antibody fragment , 8  
 bacterial exotoxins , 8  
 clinical development , 4, 5  
 fusion proteins , 8  
 Her2 

 advantages , 320  
 B1D3/rGel , 335, 336  
 cell surface antigens , 334–335  

Index



372

 Immunotoxins (cont.)
cytotoxic activity , 328–331  
 GrB , 338–339  
 hepatotoxicity of , 335  
 intermediate-af fi nity antibodies , 334  
 linker design , 325–326  
 RNases , 339  
 scFv af fi nity , 327–328  
 scFv/rGel, antitumor activity , 332–333  
 soluble Her2/neu antigen , 331–332  
 therapeutic application , 336–338  

 plant toxin ricin , 8  
 protein toxins , 8–10  
 PSMA 

 A5-PE40 and D7-PE40 , 265–266  
 melittin-like peptide  101, 265  
 MLN2704 , 265  
 MMAE , 264  
 ricin A-chain , 263–264  
 saporin , 264  

 targets , 4, 8   
  Inotuzumab ozogamicin , 16, 140–141   
   International Conference on Harmonization 

(ICH) Guidance S9  , 25    

  L 
  Linkers , 13  

 antigen sink , 130  
 brentuximab vedotin , 16  
 cantuzumab ravtansine , 131  
 chemistries , 130  
 circulation and tissues , 124–126  
 cleavable linkers , 17  
 design effect 

 bystander cells , 126–127  
 multidrug resistance cells , 128  

 dipeptide , 16  
 disul fi de-containing linkers , 117  
 formats , 129  
 function of , 117  
 hydrazone linkers , 14, 15, 118  
 limitations , 14  
 maytansinoid conjugates , 129, 130  
 noncleavable linkers , 17  
 stability , 13, 97–98  
 structures , 118  
 types 

 acid-cleavable hydrazone linkers , 
123–124  

 cleavable disul fi de linkers , 120–121  
 cleavable peptide linkers , 121–122  
 non-cleavable linkers , 118–120   

  Lorvotuzumab mertansine 
 antibody component of , 277–278  
 chemical structure , 275, 276  
 clinical development of , 283–286  
 cytotoxic “payload” component , 278  
 linker moiety and  fi nal design , 

278–279  
 mechanism of action , 279–281  
 in preclinical models , 281–282    

  M 
  Mass spectrometry , 49–50   
  Maytansine , 17   
  Maytansinoids , 16  

 C3 ester side chain , 103  
 compounds , 103  
 cytotoxic activity , 102  
 disul fi de cleavable , 103, 106  
 disul fi de linkage , 102  
 DM4 disul fi de cleavable , 103, 107  
 hindrance effect , 103  
  Maytenus ovatus  , 102  
 microtubule dynamics , 104  
 non-cleavable , 103–105   

  MEDI-547 
 anti-EphA2 antibody drug 

conjugate , 248, 249  
 dolastatin-10 , 250–251  
 immunoconjugate target , 246  
 lead identi fi cation , 246–248  
 PC3 cells , 248, 249  
 P-glycoprotein (PGP) , 250   

  Metastatic breast cancer 
 T-DM1 

 adverse events , 192–195  
 cardiotoxicity pro fi le , 196  
 docetaxel  vs.  trastuzumab , 198–199  
 ef fi cacy , 189  
 exploratory HER2 testing analyses , 

191–192  
 hepatic transaminases , 196  
 hypokalemia , 195  
 maximum tolerated dose (MTD) , 183  
 pharmacokinetics , 183, 185, 196–198  
 phase III studies , 202–205  
 TDM4258g , 186  
 TDM4374g , 186, 187  
 thrombocytopenia , 195  
 3-week dose schedule , 186   

  Monomethylauristatin E (MMAE) 
 auristatins , 16, 105, 108  
 brentuximab vedotin , 163  

Index



373

 ovarian cancer cell lines , 228, 229  
 protease-labile dipeptide linker , 228  
 valine–citrulline linker , 264   

  Monomethylauristatin F (MMAF) 
 conjugates of , 17, 105, 120, 236  
 cysteine residue , 105  
 non-cleavable linker , 127  
 SGN-75 , 17  
 stable alkyl ketone linker , 228   

  MUC16 
 3A5 binding residues , 234  
 ADCC , 224–225  
 aspartate transaminase (AST) 

over time , 236  
 CA125 , 222, 230, 231  
 epitope mapping , 225, 226  
 expression level , 223–224  
 immunohistochemistical (IHC) staining, 

3A5 antibody , 226, 227  
 lysosomes , 228, 229  
 micro-array pro fi le of , 222, 223  
 MMAE , 228, 229  
 monomeric binding af fi nity , 226, 228  
 MUC16 VC-MMAE  vs.  MC-MMAF , 232  
 neutropenia over time , 235  
 OC125 , 222  
 oregovomab , 224  
 OVCAR-3 cells , 230  
 properties , 221–222  
  in vivo  dose ranging , 232, 233    

  N 
  Neural cell adhesion molecule (NCAM).    

See  CD56  
  NHL.    See  Non-Hodgkin’s lymphoma  
  Non-cleavable linkers , 118–120   
  Nonclinical development , 25, 26  

  fi rst-in-human studies , 25, 26  
 human starting dose , 28  
 ICH S9 , 25–27  
 SMD   ( see  Small molecule drugs)  

   Nonclinical Evaluation for Anticancer 
Pharmaceut icals , 25   

  Non-Hodgkin’s lymphoma (NHL) 
 anti-CD20 , 144  
 CD22 expression , 140  
 CD70 expression , 142–143  
 DCDT2980S , 141  
 inotuzumab ozogamicin , 140–141  
 SAR3419 , 141–142    

  O 
  Oregovomab , 224   
  Organ dysfunction studies 

 hepatic impairment , 69–70  
 QTc strategy , 70–71  
 renal impairment , 69, 70    

  P 
  Predictive biomarkers 

 anti-apoptotic proteins , 81  
 assay platforms , 84–85  
 Aurora-A kinase overexpression , 80  
 beta1-tubulin (TUBB) , 80  
 circulating tumor cells isolation , 84  
 Ki-67 marker , 81  
 lysosomal activity , 79  
 microtubule-targeted agents , 80  
 miR-200c expression , 80–81  
 new molecular entities , 83  
 preclinical ef fi cacy models , 82  
 prevalence of , 83, 84  
 resistance phenomenon , 82–83  
 target expression and internalization 

kinetics , 78–79  
 TP53 mutations , 80   

  Prostate-speci fi c membrane antigen 
(PSMA) , 8  

 7E11 , 259  
 expression 

 in benign and malignant prostate 
tissues , 257, 258  

 cytoplasmatic staining, secretory 
cells , 257  

 duodenal brush border cells , 257  
 mRNA level  vs.  real-time PCR , 257  
 prognostic factors , 257  
 prostatic intraepithelial neoplasia , 256  
 proximal renal tubules , 257  

 immunotoxins 
 A5-PE40 and D7-PE40 , 265–266  
 melittin-like peptide 101 , 265  
 MLN2704 , 265  
 MMAE , 264  
 ricin A-chain , 263–264  
 saporin , 264  

 radioimmunoconjugates 
  64  Cu-labeled mAbs , 260  
 deimmunization , 262  
  131  I-labeled mAbs , 261–262  
  177  Lu-DOTA-3/F11 , 260  

Index



374

 Prostate-specific membrane antigen 
(PSMA) (cont.)

 177  Lu-labeled hu591 , 262  
 ProstaScint ®  imaging , 260  
  90 Y-labeled huJ591 , 262  

 structure and function , 256  
 virotherapeutic agents , 266–267   

  Protein toxins , 8–10    

  Q 
  QTc strategy , 70–71    

  R 
  Rituxan , 93    

  S 
  SAR3419 

 activity, preclinical models , 154–155  
 anti-CD19 antibody component , 

152–153  
 clinical development , 155–156  
 conjugation , 153  
 cytotoxic “payload” component , 153  
 linker component , 153  
 mechanism of action , 154  
 structure, schematic representation , 152   

  SGN-35.    See  Brentuximab vedotin  
  Small molecule drugs (SMD) 

 clinical pharmacology development , 33  
 clinical starting dose , 27  
 cytotoxic agent , 25, 27  
 ef fi cacy and safety concerns , 29  
 embryofetal toxicity studies , 28  
 genotoxicity studies , 28  
 GLP regulations , 26  
 levels determination , 30  
 long-term toxicology studies , 28  
 mass balance study , 33  
 metabolism of , 30  
 moiety , 26–28  
 nonclinical and clinical toxicities , 26  
 plasma protein binding , 30  
 renal/hepatic impairment study , 34    

  T 
  Therapeutic protein–drug interactions 

(TP-DI) , 71–73   
  Thrombocytopenia , 195   

  Trastuzumab emtansine (T-DM1) , 17  
 activation of , 298–301  
 bioanalytical strategy , 60–61  
 bystander killing activity , 301–302  
 catabolism and hepatobiliary clearance , 

310–313  
 clinical development , 65  
 cytotoxic potency of , 301  
 disposition , 63  
 dose escalation trial assessment , 61  
 exposure–response analyses , 60, 66–68  
 half-life of , 64  
 HER2-dependent tumor localization , 

304, 305  
  111  In-DTPA-trastuzumab , 305, 307  
 linear two-compartment model , 61, 63  
 lysine-SMCC-DM1 , 304, 306  
 metabolic fate , 68–69  
 metastatic breast cancer   ( see  Metastatic 

breast cancer) 
 organ dysfunction studies 

 hepatic impairment , 69–70  
 QTc strategy , 70–71  
 renal impairment , 69, 70  

 pharmacokinetic sampling 
schedules , 61, 62  

 pharmacokinetics pro fi les , 63  
 phase II study , 198–199  
 population PK model , 61, 65–66  
 preclinical studies , 182  
 steady state levels , 64  
 structure , 180–182  
 structures of , 297, 298  
 TDM3569g , 61, 63  
 TP-DI , 71–73  
 tumor uptake and catabolism , 307–310    

  U 
  Ultraviolet–visible spectrophotometry , 50    

  V 
  VB6-845 

 clinical experience with 
 exploratory ef fi cacy evaluation , 

360–361  
 immunogenicity , 362  
 pharmacokinetics , 361–362  
 safety evaluation , 360  
 study design and dose escalation , 

359–360  

Index



375

 preclinical evaluation of 
 animal model selection , 354, 356  
 immunogenicity in, Cynomolgus 

monkeys , 358  
 immunohistochemical 

staining , 353  
  in vitro  speci fi city and cytotoxicity , 

352–353  
  in vivo  ef fi cacy , 354  

 pharmacokinetics in, Cynomolgus 
monkeys , 357, 358  

 repeated-dose toxicology, 
Cynomolgus monkeys , 356–357  

 single-dose toxicology, 
Sprague–Dawley rats , 356  

 ribbon representation of , 351  
 T cell epitope-depleted form , 350–351   

  Vectibix , 93           

Index


	Antibody-Drug Conjugates and Immunotoxins
	Contents
	Part I: Introduction and Development Perspectives
	Part II: Development of Antibody-Drug Conjugates
	Part III: Selection of Cytotoxic Agents
	Part IV: Antibody-Drug Conjugates for Hematologic Malignancies
	Part V: Antibody-Drug Conjugates for Solid Tumors
	Part VII: Metabolism
	Part VII: Immunotoxins
	Index



