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Abstract
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of Pharmacy 301. 137 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1276-7.

The delivery of cytotoxicity to specific cells was recognized to be the key to the effective,
chemical treatment of infectious and neoplastic diseases well over a century ago. In the
context of oncology, the primary therapeutic challenge is the distinction between healthy and
pathological cells despite their pronounced pheno- and genotypic similarity. Bioconjugates,
such as antibody-drug conjugates (ADCs), are equipped to solve the issue by virtue of their
orthogonal make-up: A protein carrier (antibody) confers tumor selectivity, while a small
molecule (“drug”) delivers cytotoxicity.

The thesis at hand addresses the analytical challenges which are consequences of an ADC’s
orthogonal structure. Paper I critically compares the available methods for the assessment of the
stoichiometric ratio between antibody and drug (the drug-antibody ratio, DAR). It concludes
with a series of recommendations aimed at entrants new to the field. Paper II introduces a
novel method for the removal of small molecule impurities prior to mass-spectrometric analysis.
Using the outlined procedure, it is possible to remove almost all potentially interferential buffer
components while recovering approximately 90% of the analyte.

Synthetic research lies at the thesis’s core. Paper III describes the design and biological
evaluation of a series of novel cytotoxins (“azastatins”), whose total synthesis was accomplished
in 22-23 steps. The compounds are highly potent inhibitors of tubulin polymerization and
appear to only possess cellular permeability while protein-bound, thus eliminating the risk
of unintended harm to healthy tissues. Moreover, unpublished research details an ultimately
unsuccessful attempt at a solid-phase method for the synthesis of a peptide linker commonly
used to attach cytotoxic drugs to antibodies. Satisfactory yields for the detachment of the
target compounds from the resin were not achieved, which was rationalized based on pseudo-
intramolecular, irreversible solid-phase reattachment. Paper IV introduces a novel methodology
for the bioconjugation of small molecules to proteins by means of Wittig chemistry. The
procedure afforded nine different conjugates of two different proteins in moderate to excellent
yields and may allow for the subsequent functionalization of the newly generated, highly
electron deficient alkenes. It is potentially applicable to the challenging generation of protein
heterodimers.
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Abbreviations and Definitions 

Ac Acetyl-, used here as an alcohol protecting group 
ADAPT Albumin binding domain-derived affinity protein, a class of

scaffold proteins 
ADC Antibody-drug conjugate 
ALL Acute lymphoblastic leukemia, a type of cancer 
(s)ALCL (Systemic) anaplastic large-cell lymphoma, a type of cancer 
AML Acute myeloid leukemia, a type of cancer 
BC Breast cancer 
BCL B-cell lymphoma 
B-cell A type of lymphocyte whose name derives from the fact that

it matures in the bone marrow 
BCMA B-cell maturation antigen 
BCR-ABL A tyrosine kinase implicated in ALL 
BEP 2-Bromo-1-ethylpyridinium tetrafluoroborate, used here as a

peptide coupling reagent 
Bn Benzyl-, an organic substituent used here as an alcohol pro-

tecting group 
Boc tert-Butoxycarbonyl-, an organic substituent used here as

amine protecting group 
Bz Benzoyl-, an organic substituent used here as an alcohol pro-

tecting group 
Cbz Benzyloxylcarbonyl-, an organic substituent used here as an

amine protecting group 
CLL Chronic lymphocytic leukemia, a type of cancer 
CP Cyclophosphamide, a chemotherapeutic 
CRC Colorectal cancer 
(c)SCC (Cutaneous) squamous cell carcinoma, a type of cancer 
CD19 Cluster of differentiation 19, a protein expressed by B-cells 

and antigen of some therapeutic antibodies 
CD20 Cluster of differentiation 20, a protein expressed by B-cells 

and antigen of some therapeutic antibodies 
CD52 Cluster of differentiation 52, a protein expressed by lympho-

cytes and antigen of some therapeutic antibodies 
CD79b Cluster of differentiation 79b, a protein expressed by B-cells 

and antigen of some therapeutic antibodies 



 

CTLA-4 Cytotoxic T-lymphocyte-associated protein 4, synonymous
with CD152 (cluster of differentiation 152), a transmembrane,
immune checkpoint protein and antigen of some therapeutic
antibodies 

DAR Drug-antibody ratio, the number of small molecule payloads 
bound to a single antibody molecule 

DCC Dicyclohexylcarbodiimide, used here as an ester coupling re-
agent 

DCM Dichloromethane, an organic solvent 
DECP Diethyl cyanophosphonate, used here as a peptide coupling

reagent 
DIAD Diisopropyl azodicarboxylate, an organic reagent 
DIPEA Diisopropylethylamine, an organic base 
DMEU N,N’-Dimethylethyleneurea, an organic reagent 
DMF Dimethylformamide, an organic solvent 
DMSO Dimethylsulfoxide, an organic solvent 
DNA Deoxyribonucleic acid, target of some cytotoxic agents 
DOX Doxorubicin, synonymous with adriamycin, a chemothera-

peutic 
DPPA Diphenylphosphoryl azide, an organic reagent 
DSC N,N′-Disuccinimidylcarbonate, an organic reagent 
DTT Dithiothreitol, an organic reductant 
EGFR Epidermal growth factor receptor, a transmembrane protein

implicated in certain forms of cancer and antigen of some
therapeutic antibodies 

EtOH Ethanol, an organic solvent 
ETP Etoposide, a chemotherapeutic 
Fab Antigen-binding fragment of an Ig 
Fc Crystallizable fragment of an Ig 
FcRn Neonatal Fc receptor protein, a receptor capable of transport-

ing antibodies across membranes 
FDA The US Food and Drug Administration 
FGE Formylglycine generating enzyme 
Fmoc Fluorenylmethyloxycarbonyl-, an organic substituent used 

here as an amine protecting group 
5-FU 5-Fluorouracil, a chemotherapeutic 
(sc)Fv (Single chain) variable fragment of an Ig 
GC Gastric cancer 
HATU Hexafluorophosphate azabenzotriazole tetramethyl-uronium, 

a peptide coupling reagent 
Hc Heavy chain of an Ig 
HCL Hairy cell leukemia, a type of cancer 



 

HER2 Human epidermal growth factor receptor 2, synonymous with
CD340 (cluster of differentiation 340), a transmembrane pro-
tein implicated in certain forms of cancer and antigen of some
therapeutic antibodies 

HFIP Hexafluoroisopropanol, an organic solvent 
HIC Hydrophobic interaction chromatography, a chromatographic

method in which increased hydrophobicity increases retention
(see HPLC) 

HL Hodgkin’s lymphoma, a type of cancer 
HPLC High performance liquid chromatography, a means for the

separation of chemical compounds for analytical or prepara-
tive purposes which typically relies on reversed phase (RP)
chromatographic media 

IBX 2-Iodoxybenzoic acid, an organic oxidant 
IC50 Half maximal inhibitory concentration, the concentration at 

which the compound in question exerts half of its inhibitory
biological effect 

ICP-AES Inductively coupled plasma atomic emission spectroscopy 
Ig Immunoglobulin, synonymous with antibody 
INN International non-proprietary name of a pharmaceutical com-

pound as opposed to its branded name 
iPrOH Isopropanol, an organic solvent 
KSP Kinesin spindle protein, a motor protein involved in mitosis 

and target of some cytotoxic agents 
Lc Light chain of an Ig 
mCPBA meta-Chloroperbenzoic acid, an organic oxidant 
MDR1 Multidrug resistance protein 1, a transmembrane transporter

protein involved in drug resistance 
MeOH Methanol, an organic solvent 
MMA Monomethylauristatin, a class of chemotherapeutics 
MMAE Monomethylauristatin E, a member of the MMA class 
MMAF Monomethylauristatin F, a member of the MMA class 
Mol. eq. Molar equivalents 
MS Mass spectrometry 
MTX Methotrexate, synonymous with amethopterin, a chemother-

apeutic 
MWCO Molecular weight cut-off, primary metric of a semi-permea-

ble membrane above which it is presumed that a molecule of
interest is retained.i Also used here as a shorthand for purifi-
cation methods involving semi-permeable membranes of this
type. 

NCI National Cancer Institute (US) 

                               
i Retention depends on hydrodynamic volume, not molecular weight, but the two correlate. 



 

NHL Non-Hodgkin’s lymphoma, a type of cancer 
NHS N-hydroxysuccinimide, used here in the context of its O-acyl 

derivatives (“NHS-esters”), which are reagents commonly
used in the acylation of amines in bioconjugate chemistry 

NK-cell Natural killer cell, a type of lymphocyte 
NMP N-methylpyrrolidone, an organic solvent 
NSCLC Non-small-cell lung carcinoma, a type of cancer 
PAB para-Aminobenzyl alcohol, an organic reagent 
PBS Phosphate buffered saline, an aqueous buffer solution 
PBD Pyrrolobenzodiazepine, a class of cytotoxic agents 
PCR Polymerase chain reaction, a biochemical method for the am-

plification of DNA 
PCT Paclitaxel, synonymous with taxol, a chemotherapeutic 
PD-1 Programmed cell death protein 1, synonymous with CD279

(cluster of differentiation 279), a transmembrane, immune
checkpoint protein and antigen of some therapeutic antibodies

PD-L1 Programmed death-ligand 1, synonymous with CD274 (clus-
ter of differentiation 274), a transmembrane, immune check-
point protein and antigen of some therapeutic antibodies 

PFTase Protein farnesyl transferase, an enzyme 
PEG Polyethylene glycol, a synthetic organic polymer 
pI Isoelectric point, i.e. the pH value at which the number of cat-

ionic and anionic centers of an amphoteric molecule (typi-
cally protein) are equal, rendering it uncharged on aggregate. 

PLP Pyridoxal phosphate, synonymous with vitamin B6, a coen-
zyme and reagent 

Pyr Pyridine, an organic solvent and base 
RP(LC) Reversed phase (liquid chromatography), see HPLC 
SAR Structure-activity relationship, the causal effect of the chemi-

cal structure of a compound on its pharmacodynamic proper-
ties 

SEC Size exclusion chromatography, a chromatographic method in 
which increased molecular volume decreases retention (see
HPLC) 

SLAMF7 Signaling lymphocyte activation molecule family member 7,
synonymous with CD319 (cluster of differentiation 319), a
protein expressed by myeloma cells and antigen of some ther-
apeutic antibodies 

SMCC Succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carbox-
ylate, a heterobifunctional linker encompassing a Michael ac-
ceptor and NHS-ester 

SP3 Single-pot, solid-phase-enhanced sample preparation, a 
method for the heterogeneous extraction of peptides and pro-
teins from solutions thereof 



 

TBS tert-Butyldimethylsilyl-, an organic substituent used here as
an alcohol protecting group 

TCEP Tris(2-carboxyethyl)phosphine, an organic reductant and nu-
cleophile 

TCR T-cell receptor 
T-cell A type of lymphocyte whose name derives from the fact that

it matures in the thymus 
(c)TCL (Cutaneous) T-cell lymphoma, a type of cancer 
TFA Trifluoroacetic acid, an organic acid 
THF Tetrahydrofuran, an organic solvent 
TIC Total ion chromatogram, the output of an MS detector when

coupled to an HPLC 
TLL Tubulin tyrosine ligase, an enzyme 
TMS Trimethylsilyl-, an organic substituent used here in the con-

text of the corresponding silyl enol-esters 
TNFα Tumor necrosis factor α, a cytokine and antigen of some ther-

apeutic antibodies 
TNP Teniposide, a chemotherapeutic 
Trop-2 Synonymous with TACSTD2 (tumor-associated calcium sig-

nal transducer 2), antigen of some therapeutic antibodies 
VCR Vincristine, a chemotherapeutic 
VEGFR Vascular endothelial growth factor receptor, a protein impli-

cated in certain forms of cancer and antigen of some thera-
peutic antibodies 
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Cancer and Chemotherapy 

Cancer 
Pathology 
The adult, human body consists of approximately 4 x 1013 cells,1 all of which 
originate from a single zygote. Its programmed division and the differentiation 
of its cellular offspring are quintessential for the formation of the multicellular 
organism. Likewise, the organism’s survival depends on the death and re-
placement of cells whose life spans have been exhausted. Accordingly, of a 
human’s approximately 21’000 protein-coding genes,2 at least 874 (~4%) are 
expressed periodically across the cell cycle,3 indicating their likely involve-
ment in the maintenance of balance between cell division (mitosis), non-pro-
liferation (quiescence, senescence, differentiation), and programmed cell 
death (apoptosis). 

A disturbance of the regulatory mechanisms of the equilibrium in favor of 
cell division can ultimately give rise to a group of diseases collectively named 
cancer (malignant neoplasms): the uncontrolled, excessive, persistent division 
(neoplasia) and eventual invasive (malignant) migration of a subgroup of cells 
into non-native tissues. Cancers are typically categorized on the basis of their 
histological source and in most cases fit one of four categories: Sarcomas arise 
from connective (mesenchymal) or muscle tissue. Malignant neoplasms of 
hematopoietic origin, although technically also mesenchymal in nature, are 
distinctly classified as either leukemias (blood derived) or lymphomas (lym-
phatic). Lastly, carcinomas are malignant neoplasms of the epithelium. Al-
most without exception, cancers eventually metastasize whereby they give rise 
to secondary tumors discontinuous with the original lesion.4 

The ancestry of a neoplasm cannot only be traced back to its tissue of 
origin, but in most cases, is thought to be the result of genetic mutation of a 
single cell. Consequently, it and its offspring may divide more rapidly, outlive 
the surrounding non-mutated cells, or both. But a single mutation does not yet 
cause a neoplasm. Only if a series of somatic mutation accumulate, does the 
microevolutionary equilibrium between apoptosis and mitosis tip in favor of 
the latter, marking the beginning of carcinogenesis (see Figure 1).5 
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Figure 1. Schematic representation of the growth kinetics of an untreated, primary 
tumor. Numerous mutations (denoted as stars) are typically required to cause the 
emergence of cancer and eventual metastasis. By the time it has become clinically 
detectable, the tumor has become heterogeneous, and most cells have left the prolif-
erative pool. 

In the early stages of cancer development, nearly all neoplastic cells are part 
of the proliferative pool. By the time a neoplasm becomes palpable, it typically 
already consists of approximately 109 cells. At that size, many of the mutated 
cells of the tumor will have reverted to quiescence or necrosis due to a lack of 
nutrients or may even have opted to undergo apoptosis or differentiation. The 
clinical implications are twofold: At the time of diagnosis, a tumor is at least 
phenotypically heterogeneous despite its evolution from a single, aberrant 
cell. Moreover, depending on the exact histological origin and location of the 
neoplasm, only a small portion of the cell population are actively proliferating, 
rendering inhibitors of mitosis ineffective against the bulk of the tumor.4 For 
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both reasons, chemical chemotherapy (see pages 21-29) is an adjuvant to, but 
never a replacement for the surgical excision and radiotherapy of solid tumors. 
In the treatment of metastasized or non-solid tumors, on the other hand, chem-
otherapy is the physician’s primary weapon.6 

Epidemiology 
In 2020, an estimated 19.3 million new cases of cancer emerged globally, and 
9.96 million patients succumbed to it in 2020 (see Table 1). The incidence is 
especially high in areas with high economic activity.7 During the same time 
period, 2.68 million newly diagnosed cases were reported in the EU-27 alone.8  

Table 1. Organs most frequently afflicted by cancer, in order of descending inci-
dence, and the corresponding mortality. Numbers refer to the global total in 2020.7 

Organ 
Incidence  Mortality 

Absolute Relative  Absolute Relative 
Breast 2.26M 11.7%  0.68M 6.9% 
Lung 2.21M 11.4%  1.80M 18.1% 
Colorectum 1.93M 10.0%  0.94M 9.4% 
Prostate 1.41M 7.3%  0.38M 3.8% 
Stomach 1.09M 5.6%  0.77M 7.7% 
Liver 0.91M 4.7%  0.83M 8.3% 
Cervix uteri 0.60M 3.1%  0.34M 3.4% 
Esophagus 0.60M 3.1%  0.54M 5.5% 
Other 8.28M 42.9%  3.68M 37.0% 

 
A substantial percentage of newly emerging cancer may have been preventa-
ble by dietary adjustments and the avoidance of certain risk factors such as 
tobacco and alcohol.9 An ever-growing list of environmental carcinogens have 
been identified and their elimination has proceeded rapidly in some cases.10 
Moreover, widespread efforts towards the diagnosis of asymptomatic neo-
plasms have reduced the mortality associated with prostate,ii breast,ii and cer-
vical cancer.11–13 

But most forms of cancer can neither be reliably diagnosed before they be-
come symptomatic, nor are all risk factors avoidable because of their com-
municable14 or genetic nature.15 Consequently, new methods for cancer treat-
ment are direly needed, especially against the many types of cancer that re-
main incurable. 

The following chapter sketches a brief history of chemotherapy in oncol-
ogy, whose foundations (see pages 20-21) lay in the antibacterial research of 
the early 1900s. The second half of the 20th century saw the first systematic, 
clinical efforts aimed at the development of small molecules (see pages 21-

                               
ii Although in both cases, the population-wide screening for these forms of cancer is associated 
with reduced mortality, these practices are controversial because of high false-positive rates.  
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29) and ultimately monoclonal antibodies (see pages 29-36) for cancer treat-
ment. The chapter thereafter (see pages 37-56) details the convergence of 
these two fundamental modalities to yield antibody-drug conjugates. 

The Evolution of Chemotherapy 
Foundations 
The first written records of cancer were found in Egyptian papyruses dating 
back to 3000 BC. Egyptian, Sumerian, Chinese, Indian, Persian and Hebrew 
accounts tell of teas, fruit juices and metal pastes used to treat neoplasms in 
pre-antique times, and some of them remained in use well into modern his-
tory.16 Reminded of the shape of a moving crab, it was Hippocrates (460-375 
BC) who introduced the term cancer and recommended its treatment by exci-
sion or cautery. In general terms, Hippocrates held that all disease was due to 
natural causes, elevating medicine from superstition into the realm of sci-
ence.17 In the 16th century, Paracelsus first connected cancer pathogenesis to 
specific environmental hazards,18 but until the 1900s, no systematic efforts 
were made to elucidate the origins of the disease. 

The roots of cancer chemotherapy lie in antibacterial research. In the early 
20th century, bacterial infection was a greater bane on humanity than cancer. 
In the 1900s, millions were suffering from tuberculosis,19,20 syphilis had been 
widespread in the Europe for at least four centuries21,22 and the bubonic plague 
had periodically ravaged entire continents for more than a millennium.23 Rob-
ert Koch’s 1882 discovery that tuberculosis was caused by a bacterium (My-
cobacterium tuberculosis) was groundbreaking.24 His efforts towards a des-
perately needed cure resulted in tuberculin, a glycerol extract of tuberculosis 
bacteria whose exact composition was not known even to its inventor at the 
time. It failed spectacularly as a treatment for the disease.20 

Having learned from the tuberculin disaster, scientists began to realize only 
in the century’s first decades that the development of a cure required system-
atic experimentation on diseased as opposed to healthy animals.25 Paul Ehrlich 
postulated that cells carry “side-chains” (receptors), which recognize foreign 
cells, and subsequently secrete proteins (antibodies) capable of binding the 
pathogen upon recurrent infection.26 As a result of his work on the selective 
staining of human cells and pathogens with chemical dyes, Ehrlich realized 
that even small molecules could bind to cells via receptors. If a cytotoxic mol-
ecule could be designed which would bind pathogens with a higher affinity 
than human cells, it would make for a “magic bullet”, i.e. selective 
(chemo)therapeutic. His hypothesis proved true for methylene blue (see Fig-
ure 2), which was effective in the treatment of malaria.27 The medical disci-
pline of histology had given birth to (antibacterial) chemotherapy.28 The first 
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methodical efforts towards synthetic chemotherapeutics followed soon there-
after: In 1910, arsphenamine was marketed as a treatment for syphilis.22 Al-
exander Fleming’s discovery of  penicillin’s antibacterial properties may well 
have been motivated by Ehrlich’s writings and represent another milestone in 
antibacterial chemotherapy.28 

While antibacterial research progressed rapidly, cancer therapy by chemi-
cal means remained in its infancy. “Sulfur mustard” (see Figure 2), used as a 
warfare agent in World War I, had in isolated accounts been ascribed a mye-
losuppressive and later an “anti-carcinogenic” effect.29 Systematic research in 
therapeutic oncology was however hampered by the difficulty associated with 
finding a suitable, standardized animal model. In 1912, the first transplantable 
tumor models in rodents were developed in the United States30 and more such 
models followed in the 1920s and 30s.29 In 1937, President Roosevelt signed 
into law the NCI act,31 which established the National Cancer Institute under 
whose roof much of the systematic testing of the latter half of the century 
would occur. In 1939, when the world was rocked by the outbreak of World 
War II, the foundations for the development of modern chemotherapy had 
been laid. 

 
Figure 2. Chemical compounds of paramount importance to the development of the 
foundations of chemotherapy. *While Ehrlich thought of arsphenamine as a dimer 
featuring an As=As double bond, contemporary mass spectrometric evidence sug-
gests that the compound exists as a complex mixture in which the trimeric structure 
as drawn is most abundant.32 

Small molecules 
Stimulated by renewed military interest in chemical weapons during the war, 
Gilman, Goodman and Philips rediscovered alkylating agents for therapeutic 
purposes and conducted animal studies using “nitrogen mustards”. The first 
oncological clinical trial was conducted in 1942 and found that chlormethine 
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(see Figure 3, pages 26-27) had the potential to serve as a systemic chemo-
therapeutic.29 Many more studies were undertaken and while they all con-
firmed the impressive regression associated with nitrogen mustards in lym-
phoma, none of the patients were cured and all eventually succumbed to the 
disease. Although the initial disappointment about the lack of a curative effect 
of chlormethine and its analogues spurred clinical development for some 
years,30 many more DNA-alkylators featuring the β-chloroethylamino motif 
would eventually be used to treat cancer (e.g. melphalan, since 1956;33 and 
cyclophosphamide, CP, since 195934). Even today, there is active research in 
the area: In 2015, the first clinical study was conducted to assess the safety of 
melflufen, a prodrug of melphalan.35 The compound received FDA-approval 
for the treatment of multiple myeloma in 2021.36 

The 1940s also saw the first synthesis and clinical characterization of anti-
metabolites. Motivated by the discovery that the administration of folic acid 
accelerated the progression of leukemia,37 Farber achieved temporary remis-
sion in five of sixteen diseased children by treating them with the folate ana-
logue methotrexate (MTX).38 The drug is now known to work by inhibiting 
dihydrofolate reductase, which is an essential component of nucleotide bio-
synthesis.39 Thiopurines were first subjected to clinical testing against leuke-
mia in 195140 and, like MTX, are still in use as chemotherapeutics to this day. 
While they do not inhibit DNA synthesis, they compete for the incorporation 
into the growing biopolymer with natural purines, yielding irreplicable DNA 
as a result.41 Hitchings and Elion were awarded the 1988 Nobel Prize in Phys-
iology or Medicine for the discovery.30 Capitalizing on their discovery that 
uracil was taken up by rat hepatoma cells more rapidly than by other tissues, 
Heidelberger and colleagues synthesized and tested 5-fluorouracil (5-FU) in 
1957.42 While its mechanism of action is analogous to that of thiopurines,43 it 
stood out as the first chemotherapeutic ever developed for use against a non-
hematological malignancy. 5-FU, too, remains a cornerstone of modern chem-
otherapy, and may be considered the first example of targeted chemotherapy. 

The first clinical evaluation of two other milestone chemotherapeutics iso-
lated from natural sources followed in the 1960s. Doxorubicin (DOX) was 
first isolated from the bacterium Streptomyces peucetius in 1963 and its in vivo 
evaluated followed promptly. It was shown to intercalate with DNA, inhibit-
ing the action of topoisomerase and thus prevents RNA transcription.44,45 Al-
most simultaneously, chemists at Hoffmann-La Roche isolated a potent cyto-
toxin from a related fungus, Streptomyces refuineus, and named it anthramy-
cin.46 It was revealed to be a tricylic pyrrolobenzodiazepine (PBD) and in the 
same year, the first clinical studies were conducted.47 A biochemical investi-
gation soon revealed DNA to be anthramycin’s molecular target, to which it 
binds covalently via a masked imine residue.48 Actinomycin itself was never 
approved for human use, but provided the inspiration for the rational design 
and synthesis of dimeric PBDs from the 1980s onwards.49,50 PBD-dimers were 
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first clinically evaluated starting in 2004,51,52 and have since seen widespread 
use in antibody-targeted cancer therapy (see pages 39, 43). 

At around the same time Streptomyces’ cytotoxins were first discovered, 
Lilly Laboratories demonstrated the impressive antitumor activity of alkaloids 
such as vincristine (VCR), which was first isolated from Vinca rosea.53 VCR 
functions primarily by inhibiting the polymerization of tubulin, whereby it 
prevents the mechanics of cell division rather than targeting DNA.54 

The next breakthrough in chemotherapy occurred only after a paradigm of 
the fundamental discipline began to be questioned. In 1964, Skipper hypothe-
sized that a given dose of chemotherapeutic did not kill a specific number of 
cells, but rather a constant fraction of the total.55 The clinical implication was 
that the ideal chemotherapeutic regimen would encompass several different 
drugs with non-overlapping mechanisms of action. Despite combination ther-
apy’s status as an anathema for clinicians at the time,30 the VAMP (VCR; 
aminopterin, i.e. MTX; 6-mercarptopurine, i.e. thiopurine; prednisone) regi-
men made childhood leukemia curable in some 25% of patients by 1970.56 
Combination chemotherapy was an even greater success in the treatment of 
adults with Hodgkin’s lymphoma and demonstrated once and for all that can-
cer could be curable by chemical means.57 

Soon thereafter, serendipity would elucidate the value of synthetic chemo-
therapeutics. In an attempt to study the effect of electric fields on the growth 
of bacteria, biophysicist Rosenberg had in 1965 subjected Escherichia coli to 
in situ generated cisplatin and observed highly abnormal growth.58 In vitro 
testing against leukemia cell lines followed, and the first clinical study was 
performed in 1971. In 1978, the drug was approved for the treatment of tes-
ticular and bladder cancer and its discovery kick-started the systematic syn-
thesis and biological evaluation of thousands of structural analogues. Only 
four years after cisplatin’s approval, carboplatin became the first organome-
tallic complex to undergo clinical testing as a chemotherapeutic.59 Similar to 
the DNA-alkylators discovered in the 1940s and after, the electrophile gener-
ated upon intracellular hydrolysis of the platinum complex causes DNA-cross-
linking, eventually triggering apoptosis.60 

Synthetic efforts also lay the foundation for the discovery of teniposide 
(TNP) and etoposide (ETP). Their natural analogue podophyllotoxin, a natural 
product isolated from Podophyllum plants, had been found to be prohibitively 
toxic in clinical studies conducted in the 1950s.61 Chemists at Sandoz first 
synthesized TNP and ETP from podophyllotoxin, recognized the improved 
therapeutic potential compared to the natural product, and subjected both to 
clinical testing in 1969 and 1971, respectively. All three compounds are potent 
inhibitors of topoisomerase II, an integral component of DNA replication and 
transcription.62 
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In the 1960s, pharmacologists also began to realize the hormonal depend-
ence of some malignancies and moved to exploit it in pharmacotherapy.iii 
Building on his doctoral work on triphenylethylenes as purported antiestro-
gens,63 Craig Jordan was able to induce complete remissions in rats with breast 
cancer by treating them with tamoxifen in 1976.64 The otherwise limited op-
tions for the treatment of breast carcinoma implied an urgent need for the new 
drug, and its approval followed rapidly.63 The drug is now known to act as a 
selective estrogen receptor modulator, and several compounds of this class 
have since been approved for the treatment of breast cancer.65 Drug develop-
ment programs aiming to generate inhibitors of aromatase, a key enzyme in-
volved in estrogen biosynthesis, have likewise been extraordinarily success-
ful.66 Ciba Geigy’s work yielded letrozole (1995),67 whereas Imperial Chemi-
cal Industry designed anastrozole (1996),68 both of which have seen extensive 
use in the treatment of postmenopausal breast cancer since. 

While fully synthetic chemotherapeutics were approved ever more fre-
quently, plants, too, continued to be a source for new chemical entities with 
antitumoral activity. The macrolide maytansine was first isolated from May-
tenus ovatus in 1972 and found to inhibit tubulin polymerization very simi-
larly to VCR.69,70 Clinical development began in 1978 and despite promising 
phase I results,71 the compound was found to be ineffective at the maximum 
tolerated dose in a number of phase II studies.72–74 The disappointment of may-
tansine’s failure to provide a benefit to cancer patients discouraged clinical 
development for the next two decades, although luckily not before part of its 
SAR had been elucidated by its discoverers.75 Although the standalone small 
molecule would never receive approval for cancer treatment, the methods de-
veloped for its semisynthetic derivatization lay the groundwork for the ulti-
mate design and synthesis of maytansine derived antibody-drug conjugates 
two decades later (see pages 38, 43).76 

In other instances, synthetic challenges threatened the availability of highly 
sought-after natural compounds at clinically relevant scales. In the 1960s, ex-
tracts of the bark of Taxus brevifolia had been ascribed pronounced cytotoxi-
city against a broad array of cell lines. In 1971, the most active cytotoxin in 
the mix was identified as paclitaxel (PCT).77 But unlike DOX or VCR, the 
scarcity of the tree prohibited the compound to be harvested at sufficient quan-
tities to allow for its clinical use. Furthermore, unlike in the case of ETP or 
TNP, no structurally similar natural compound was immediately available 
from which a straightforward synthesis of PCT was apparent.  

                               
iii Endocrinologists typically do not consider antihormonal agents chemotherapeutics.78 The 
state of the art of pharmacological cancer treatment includes kinase inhibitors, some of which 
promote cellular differentiation as much as apoptosis,79 and immunomodulators with no intrin-
sic pro-apoptotic effect.80 Today, the distinction between antihormonal agents and chemother-
apeutics therefore appears to be arbitrary and in the context of this thesis, a chemotherapeutic 
shall be defined as any chemical compound used in oncology with therapeutic or preventive 
intention. 
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The compound was shown to have a unique mechanism of action, which 
relies on microtubule stabilization as opposed to VCR’s destabilization.81 It 
was not before 1984 that enough raw material had been gathered to allow for 
the commencement of clinical development.82 Only in 1988 was the semisyn-
thetic synthesis of PCT from 10-deacetylbaccatin accomplished by Potier et 
al, which in turn could be isolated in bulk from the needles of other, more 
common Taxus species.83 Although Bristol-Myers Squibb ultimately adopted 
a different semi-synthetic route for market-scale production in 1994,84 the (to-
tal) synthesis of PCT has attracted the attention of many renowned synthetic 
chemists since. Notable total syntheses have been published by the Holton 
(1994),85,86 Nicolaou (1994),87 Danishefsky (1996),88 Wender (1997),89,90 and 
Baran (2016) groups, among others.91 Albumin-bound analogues of PCT have 
also been approved for the treatment of breast cancer ever since patent protec-
tion has seized.92 

The late 1980s also saw groundbreaking progress on the development of 
therapeutic biologics, which will be discussed in the next section (see pages 
29-36). In the early 1990s, on the other hand, synthetic chemotherapeutics 
moved into the spotlight once again: While the clinical development of PCT 
was in full progress, topotecan entered clinical trials as the first topoisomerase 
I inhibitor in 1992.93 Camptothecin, the natural compound from which it de-
rives, had already been isolated and subjected to clinical testing in 1970. At 
the time, however, the project’s prospects appeared dim due to issues with the 
formulation of the hydrophobic compound as well as an unpredictable toxicity 
profile.94 Topotecan, whose aqueous solubility far exceeds that of camptothe-
cin by virtue of an additional phenol and (dimethylamino)methyl residue, is 
only one of thousands of synthetic analogues prepared since.95 Although ini-
tial hopes that topoisomerase I inhibition would render topotecan active not 
only against proliferating but also quiescent cells were not supported by phar-
macological evidence in the end,96 it was nevertheless a valuable addition in 
the treatment of solid tumors and lends itself to oral administration.97 The clin-
ical development of another camptothecin analogue, irinotecan, began in 
199498 and more recently, the utility of these compounds in antibody-targeted 
chemotherapy was demonstrated (see pages 39, 41). 
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Figure 3. Timeline: Milestones in the development of small molecule chemothera-
peutics. Times listed correspond to the first-in-man clinical application of the drug. 
Colors reflective of the class of chemotherapeutic as follows: Green = DNA alkyla-
tors; purple = antimetabolites; blue = microtubule (de)stabilizers; gray = kinase in-
hibitors; black = other. 

 
Natural products continued to be a source of novel cytotoxins. Pettit and 
coworkers found that treatment with alcoholic extracts of the sea hare Do-
labella auricularia more than doubled the lifespan of mice transfected with 
leukemia. The group’s efforts at isolation and analysis of Dolabella’s cytotox-
ins took fifteen years, but at its end in 1987, Pettit had deduced the structure 
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of its most potent constituent, dolastatin 10.99 A total synthesis towards the 
pentapeptide was established within only two years, eliminating the need for 
isolation of the scarce natural compound from marine sources.100 Resembling 
VCR, its mechanism of action was found to rely on the inhibition of tubulin 
polymerization. Interestingly, the two cytotoxins bind the protein non-com-
petitively, indicating distinct binding sites.101 A phase I clinical study was con-
ducted in 1999 and reported granulocytopenia as the dose-limiting toxicity.102 
Phase II studies in patients with advanced breast and non-small cell lung can-
cer confirmed the hematological side effects, and neither reported sufficient 
antitumor activity at the maximum tolerated dose to warrant further develop-
ment.103,104 Antibody conjugates of non-natural dolastatin analogues would 
eventually overcome the toxicity issues (see pages 37, 39, 43, 67-77).105 

At around the same time, another class of extremely potent antitumor anti-
biotics was isolated from a natural source: From 1989 to 1992, a team at Le-
derle Labs published a series of papers on the isolation and structure elucida-
tion of the calicheamicins from Micromonospora echinospora. The com-
pounds are characterized by a staggeringly complex enediyne structure (see 
Figure 3) and demonstrated unprecedented antitumor activity in murine mod-
els106–108 owing to their ability to induce double-strand DNA cleavage via a 
radical cyclization reaction.109,110 To the best of the author’s knowledge, no 
calicheamicin has thus far been evaluated clinically as a standalone agent, but 
like PBDs, maytansines, camptothecins and dolastatins, the cytotoxin would 
eventually be used in antibody-directed chemotherapy (see pages 37-38, 43). 

The next breakthrough in oncology was the result of fundamental research 
in genetics. Bishop’s and Varmus’ 1976 discovery that a specific viral onco-
gene coding for a tyrosine kinase caused cancer in chickens earned them the 
1989 Nobel Prize in Physiology or Medicine.111 For medicinal chemists, the 
implication was that kinases could make for targets in the treatment of cancer, 
but their sheer number112 and structural similarity113 made selectivity a chal-
lenging goal. When in 1991, a specific gene translocation was proven to ac-
count for the expression of BCR-ABL, a chimeric kinase, and the gene was 
directly implicated to cause chronic myeloid leukemia, an ideal target had 
been found to demonstrate the validity of kinase inhibition in chemother-
apy.114,115 

In the late 1980s, chemists at Ciba Geigy had begun systematic efforts at 
developing selective kinase inhibitors and in 1993, focused their attention to 
BCR-ABL.116 Starting from a weakly inhibitory lead compound with broad 
activity against dozens of kinases, gradual modification ultimately yielded po-
tent, orally bioavailable, selective inhibitors of ABL tyrosine kinases.117 
Imatinib, the most potent hit compound, displayed promising preclinical data, 
and went on to far exceed expectations in its 1998 clinical evaluation.117 The 
most recent follow-up study reported an outstanding 83% overall survival rate 
among patients who have been treated with imatinib for ten years.118 Dozens 
of second generation inhibitors of BCR-ABL such as nilotinib and dasatinib 
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have been developed primarily to combat imatinib resistance.112,119,120 The 
most recent example is asciminib, which, by virtue of its distinct, allosteric 
binding site bypasses resistance to the aforementioned kinase inhibitors.121–123 
Clinical development began in 2019 and is ongoing.124  

A plethora of inhibitors targeting other kinases have also been developed: 
EGFR tyrosine kinase inhibitors such as gefitinib are used to treat non-small 
cell lung and breast cancer,125 VEGFR tyrosine kinase inhibitors, such as so-
rafenib,126 make effective treatments for renal cell carcinoma. The paradigm 
shift brought about by imatinib has led to a new era in chemotherapy and every 
time a kinase is implicated in a specific malignancy, the development of a new 
series of inhibitors begins. 

As the thesis is being written, chemotherapy has accomplished another 
breakthrough in the convergence of oncology with immunology: Immune 
checkpoint inhibitors suppress the tumor’s natural ability to evade the immune 
system and thus enlist the patient’s own body for its self-defense. All check-
point inhibitors which have received regulatory approval thus far are antibod-
ies and will thus be discussed at length in the next section (see pages 29-36). 
Nevertheless, small molecule checkpoint inhibitors are on the horizon and 
there is much cause for optimism as to their clinical utility.127 Perhaps even 
more promisingly, the first examples of cell therapy have been approved in 
oncology and beyond. These technologies allow for the ex vivo manipulation 
of a patient’s own T- or NK-cells to prime them to fight the malignancy, fol-
lowed by re-administration.128,129 

The emergence of chemotherapy eighty years ago marked a new age in 
oncology and the 1970s proved the worth of combination pharmacotherapy. 
Today’s oncologists have a broad arsenal of small molecules, biologics (see 
pages 29-36), antibody-drug conjugates (see pages 37-56) and cell therapies 
to choose from in their fight against the tumor. If history is an indication, 
breakthroughs on all four fronts will have occurred another eighty years from 
today. It is well within the realm of possibilities they will have rendered the 
search for novel chemotherapeutics obsolete. 

Antibodies 
It had occurred to Ehrlich that the human body may intrinsically generate a 
selective response to the oncotransformation of cells.28,130 Unaware of their 
chemical composition, he named the ominous endogenous compounds pro-
duced as part of the body’s self-defense “Antikörper” (antibodies). Unable to 
identify specific “side chains” (receptors) overexpressed on the surface of can-
cer cells, however, he eventually turned his attention to infectious diseases 
once again. It would take decades until the structure and function of antibodies 
would be elucidated sufficiently well to allow for their therapeutic use. 

Soon after their postulation, the demystification of Ehrlich’s antibodies was 
propelled by a series of groundbreaking discoveries in organic chemistry: 
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Emil Fischer was the first to demonstrate that proteins consisted of amino ac-
ids in 1906,131 but was skeptical about the existence of molecules exceeding 
the seemingly arbitrary molecular weight of 5kDa.132 In 1920, Staudinger 
demonstrated the existence of macromolecules and postulated that proteins 
could be classified as such.133 Soon thereafter, Heidelberger and Avery proved 
that antibodies, too, were proteins,134 whose binding to the antigen, Pauling 
showed in 1943, was primarily dependent on their shape rather than their 
chemical composition.135 In 1946, Astrid Fagraeus implicated plasma cells, 
whose biological relevance had thus far been unknown, in the production of 
antibodies.136 Beyond the ubiquitous peptide bonds, the structural makeup of 
antibodies remained elusive until 1961, when Edelman showed that they con-
sisted of disulfide-linked heavy and light chains.137 In 1966, Porter found that 
only a portion of IgG was responsible for antigen-binding (Fab, antigen-bind-
ing fragment) and therefore differed from protein to protein, while another 
fragment (Fc, crystallizable fragment) was conserved.138 All eight men (Ehr-
lich, Fischer, Staudinger, Heidelberger, Avery, Pauling, Edelman and Porter), 
but not Fagraeus, were awarded Nobel Prizes for their discoveries. In the sub-
sequent decades, numerous authors contributed to the literature and identified 
five distinct isotypes (IgA, IgD, IgE, IgG and IgM), which differ structurally 
only with regard to the heavy chain of the protein (see Figure 4). 

Soluble antibodies are produced by mature B-cells, and during maturation 
each clone produces a specific antibody. Only those clones whose antibodies 
bind their respective antigen with high affinity survive over time and become 
part of the organism’s repertoire against infection. The microevolutionary pro-
cess of B-cell maturation shall be outlined here only briefly: The genes that 
encode for the VL domain of the protein consist of two separate DNA seg-
ments, whereas those of the VH domain (see Figure 4) consist of three. Distinct 
copies of each segment exist in the light chain and heavy chain gene loci, and 
the random, somatic recombination of these segments is the first of the essen-
tial processes by which a naïve B-cell clone distinguishes itself from its peers. 
Additionally, recombination creates junctional diversity, wherein nucleotides 
are randomly added or subtracted during the process.139 By virtue of these 
sources of diversity alone, the theoretical Fab-repertoire a naïve B-cell may 
express exceeds 1011, all before the immature cells have encountered an anti-
gen. At this stage, the antibodies are still bound to the B-cell as a transmem-
brane receptor. Each immature clone expresses both membrane-bound IgM 
and IgD antibodies, but none of the other isotypes.140 

Upon contact with an antigen, a second phase of genetic diversification be-
gins. Point mutations affect the genes coding for VH and VL (see Figure 4) in 
a process called somatic hypermutation.139 The gene coding for CH can be ex-
changed, resulting in class switching, i.e. the exchange of the IgM or IgD iso-
type for any of the other three. Class switching is irreversible, involving the 
deletion of the Cµ and Cδ genes encoding the M- and D-isotypes.141 
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The structurally different Hcs and isotypes they give rise to translate into 
distinct histological distributions and biological functions of each antibody 
class:  

IgM tends to bind the antigen with lower affinity than the other isotypes, 
for which it compensates by the ten-fold avidity brought about by its pen-
tameric nature. Due to the complex’s large size, IgM is found almost exclu-
sively in the blood and lymph. Because its synthesis does not require class 
switching (vide supra), IgM represents the initial vanguard against infection. 
The same can be said for IgD, whose primary purpose appears to be the 
maintenance of physiologically autoreactive B-cells in the body’s mucosa.142 
Accordingly, the protein’s serum concentration is much lower than that of 
IgM, and it is generally monomeric.143 

IgG represents the principal antibody in the blood and can penetrate tissues, 
where it opsonizes pathogens, recruits phagocytes and activates the comple-
ment system. IgG has four subtypes, which are all monomeric and whose 
mean serum concentrations vary between 0.5mg/mL and 9mg/mL. Of these, 
IgG4 is the least abundant, and possesses the unique potential to develop 
bispecificity. Moreover, IgG can be transported across the placenta by the neo-
natal Fc receptor (FcRn), providing fetuses with intrauterine protection 
against pathogens.143 

IgA secreting plasma cells are predominantly found in proximity to epithe-
lia. By virtue of its dimeric nature, IgA2 is transported across the epithelium 
via the polymeric immunoglobulin receptor (pIgR), where it is subsequently 
secreted. Accordingly, it is even found in breast milk. Monomeric IgA1, on 
the other hand, dominates in the blood.143 

Of all isotypes, the concentration of dissolved IgE is lowest in serum. That 
is because the bulk of the protein is bound to mast cells located in proximity 
to the epithelium and mucosa via the Fcε receptors these cells express. When 
a mast cell bound IgE encounters its antigen, the cells is triggered to release 
histamine and related mediators of inflammation, recruiting other immune 
cells and additional antibodies in the process. The activation of mast cells via 
IgE is the first step in an allergic reaction.143 

Biochemists have long made use of the microevolutionary process by 
which animals generate antibodies. Inoculation of a suitable mammal (typi-
cally mice) with the antigen triggers the maturation of a pool of genetically 
distinct B-cells. Prior to the 1970s, antibodies had to then be isolated from the 
animal in lieu of a feasible method for the ex vivo synthesis of the protein. 
Moreover, because numerous different B-cell clones had evolved in response 
to the same antigen, this method yielded polyclonal mixtures of antibodies.144 
Milstein and Köhler’s invention of hybridoma technology in 1975 made it 
possible to produce monoclonal, murine antibodies. It relies on the postmor-
tem, ex vivo fusion of the mouse’s B-cells with myeloma cells, resulting in 
immortal hybrids. A single clone can then be chosen and cultivated to produce 
a single, monoclonal antibody indefinitely.145 Despite its enormously lucrative 
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potential, its inventors chose not to patent the hybridoma technology and were 
awarded the Nobel Prize in Physiology or Medicine in 1984. 

The use of monoclonal, murine antibodies in clinical studies demonstrated 
the applicability of the approach in the treatment of cancer in the 1980s. In 
1986, muromonab, an IgG2, became the first monoclonal antibody to receive 
FDA approval in the treatment of acute rejection in patients who had received 
organ transplants.146 The practical utility of mouse derived antibodies was 
however significantly hindered by their immunogenicity, ineffective stimula-
tion of immune effector functions and short biological half-life.147–149 All these 
drawbacks were associated with the foreignness of the rodent derived proteins 
in the human body. 

Antibody chimerization, developed in 1984, addressed these issues, by fus-
ing the variable fragment of murine antibodies with the constant region of the 
human protein (see Figure 5).150 Rituximab became the first chimeric antibody 
approved for clinical use in 1997 (see Table 2). The anti-CD20 IgG1 is an 
effective treatment of a variety of autoimmune diseases, non-Hodgkin lym-
phoma and chronic lymphocytic leukemia.146 Further progress in gene tech-
nology enabled the generation of humanized antibodies, which were still dis-
tinct from fully human immunoglobulins, but came markedly closer than chi-
meras. Examples of humanized antibodies approved for cancer treatment in-
clude trastuzumab (first approval 1998), alemtuzumab (2001) and 
bevacizumab (2004).146 

 

 
Figure 5. The technological stages of humanization of monoclonal antibodies. Color 
coding: Blue = murine peptide; Purple = human peptide. 

Because human B-cells proved difficult to immortalize, fully human antibod-
ies remained elusive at first. Winter and colleagues’ ingenious 1991 solution 
bypassed mammalian cells altogether and employed the recently developed 
technique of phage display151 to achieve the affinity maturation of Fv frag-
ments.152 The diversity of the proteome in these experiments was derived from 
two principle sources: The random combination of an array of heavy and light 
chain V-genes isolated from human B-cells yielded a library of 107 distinct 
single chain Fv (scFv) fragments. The gene repertoire thus already contained 
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the mutated V-genes of mature B-cells, and the degree of mutation was likely 
amplified in the subsequent PCR steps involved in the phage display process. 
The affinity maturation of scFv genes by phage display thus resembles the 
microevolutionary, in vivo process of antibody maturation closely. It elimi-
nates the need for the immunization of a mammal, the immortalization of its 
B-cells, and is capable of generating fully human antibodies.152 Adalimumab, 
an anti-TNFα IgG1, was the first human antibody to receive regulatory ap-
proval in 2002. The antibody has become a staple in the treatment of several 
chronic autoimmune diseases. In the treatment of arthritis, it is administered 
biweekly for years and achieves its long biological half-life and high tolera-
bility at least partially due to its fully human nature.153 Two of 2018’s three 
recipients of the Nobel Prize in Chemistry were recognized for their momen-
tous contributions to the research related to human antibodies: George P. 
Smith was credited with pioneering phage display in general, and Sir Greg 
Winter with applying the method to antibodies in particular. Other methods 
for the affinity maturation of human antibodies have also been developed 
since the success of phage display technology.154,155 

The antibodies mentioned thus far function in two principal ways: If its 
antigen must operate normally to enable the malignant cell’s survival, the anti-
body’s binding may itself trigger apoptosis. Pro-apoptotic properties of this 
kind have been observed for antibodies against HER2,156 EGFR,157 and 
VEGF,158 among others.159 On the other hand, the binding of antibodies to 
antigens can also induce immune effector functions via the immunoglobulin’s 
Fc region, and can thus trigger antibody-dependent cell-mediated cytotoxicity, 
antibody-dependent phagocytosis and complement-dependent cytotoxicity. 
The triggering of immune responses appears to be one of several160,161 mech-
anism of action of antibodies targeting CD20,162,163 CD52,164 SLAMF7,165 and 
other antigens.159  

The most recent wave of approved antibodies function by mechanisms dis-
tinct from the two described above. Checkpoint inhibitors mediate an immune 
response against the tumor without directly recruiting a cellular response via 
their Fc domains.159 In 2011, the first antibody of this class to receive regula-
tory approval was ipilimumab, which has since seen extensive use in the treat-
ment of metastatic melanoma.166 The human CTLA-4 targeting IgG functions 
as follows: The interaction of an antigen-presenting cell with the TCR (T-cell 
receptor) of an activated T-cell in the lymph nodes alone is not enough to 
cause the exponential expansion of the clone required for an effective cyto-
toxic response against a tumor. One of the major suppressive mechanisms of 
T-cell expansion involves the CTLA-4 receptor, which is continuously ex-
pressed on activated T-cells and binds to B7 ligands on antigen-presenting 
cells. CTLA-4 targeting antibodies thus inhibit the anti-expansionary effect of 
CTLA-4/B7 binding, triggering T-cells to mount a cytotoxic response to the 
tumor without interacting with the malignant cells themselves.167 Thus far, 
ipilimumab is the only approved anti-CTLA-4 Ig, but other antibodies against 
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the antigen are underway as more details of the clinical implications of im-
mune checkpoint inhibition are being elucidated.168 Moreover, they have the 
potential to benefit patients in indications other than melanoma.169,170 

Even more recently developed immune checkpoint inhibitors target the PD-
1/PD-L1 axis, which, like CTLA-4/B7, inhibits T-cell expansion. A notable 
difference between PD-1 and CTLA-4 is that the former is also expressed on 
B- and NK-cells.159,171 PD-L1 is a member of the B7 class of receptors, but 
crucially, is not exclusively expressed by antigen-presenting cells but also 
many cancer cells themselves, enabling their direct evasion of immunological 
attack.159,172 Pembrolizumab, nivolumab, cemiplimab and other antibodies 
against PD-1 have been approved for the treatment of melanoma, lung cancer, 
squamous cell carcinoma, and other malignancies.173–176 Atezolizumab, dur-
valumab and others target PD-L1 and are likewise used in a variety of indica-
tions including bladder and lung cancer.177–179 

In 2018, Allison and Honjo received the Nobel Prize in Physiology or Med-
icine for their discoveries pertaining to the CTLA-4/B7- and PD-1/PD-L1-
axes, respectively. Immune checkpoint inhibitors – be they biologics or, even-
tually, small molecules – as adjuvants to intrinsically pro-apoptotic chemo-
therapeutics represent a new front in the battle against cancer. However, their 
advent in the past decade was not the only groundbreaking development in 
oncology during that time: Another represents the convergence of small mol-
ecule therapeutics with monoclonal antibodies, i.e. antibody-drug conjugates 
(see pages 37-56).   
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Antibody-Drug Conjugates 

Clinical Significance 
In 1957, the same year 5-FU was first tested clinically,iv Georges Mathé tried 
his hand at the chemical modification of an antibody in pursuit of Ehrlich’s 
vision of a magic bullet. His MTX-derivatized, leukemia-specific antibodies 
selectively inhibited the proliferation of L1210 cells and the antiproliferative 
properties of the conjugate were lost when the antibody was exchanged.181 
Mathé’s publication was the first literature precedent of an antibody-drug con-
jugate (ADC). Over the course of the next twenty years, a handful of other 
authors contributed to the slowly emerging field of ADC research,182 but it 
would require significant progress with regard to both cytotoxins (see pages 
21-29) and antibodies (see pages 29-36) before ADCs gained clinical rele-
vance. 

The first ADC to receive approval for therapeutic use was gemtuzumab 
ozogamicin (see Table 3), whose clinical development was first reported in 
1997.183 Convinced that only the most cytotoxic small molecules known at the 
time would provide sufficient anti-tumor potency, its developers at Wyeth-
Ayerst had made use of N-acetyl calicheamicin γ1. Calicheamicins had only 
recently been isolated from Micromonospora echinospora and had demon-
strated unprecedented cytotoxicity.106–108 The enediynes induce double-strand 
DNA cleavage in a radical cyclization reaction (Bergman cyclization).109,110 
Conjugation of the payload to gemtuzumab, a humanized, anti-CD33 IgG4 via 
an acid-sensitive hydrazone linker yielded the ADC, which was approved for 
the treatment of acute myeloid leukemia in 2000.v 

The same year had seen the first of two failures in the clinical development 
of dolastatin 10 owing to the small molecule’s suboptimal therapeutic win-
dow. In an effort to resolve dolastatin’s clinical issues, chemists at Seattle Ge-
netics synthesized monomethylauristatin E (MMAE), a non-natural analogue 
of the microtubule inhibitor. While dolastatin’s N-terminal amine is tertiary 

                               
iv As discussed before (see page 22), 5-FU may be considered the first clinically successful 
example of targeted chemotherapy. 
v In 2010, the FDA withdraw gemtuzumab ozogamicin’s marketing authorization as a conse-
quence of a post-approval phase III clinical study, which had failed to prove the drug’s clinical 
benefit.184 The drug was reapproved with a different dosing regimen in 2017.185 
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and therefore does not lend itself to derivatization,vi MMAE’s secondary N-
terminus could be exploited to conjugate the payload to an antibody. The pay-
load was thus ligated to an anti-CD30 antibody (cAC10) via a dipeptide linker. 
The latter had previously been shown to be stable under physiological condi-
tions but was cleaved rapidly by a class of peptidases overexpressed in certain 
cancers.105 Senter’s seminal 2003 paper was the first to describe the preclinical 
behavior of cAC10-MMAE, which entered clinical development in 2006 un-
der the name brentuximab vedotin,187 and received marketing approval for the 
treatment of Hodgkin’s lymphoma and anaplastic large cell lymphoma in 
2011. Notably, brentuximab alone was completely ineffective at treating lym-
phoma,188 highlighting the synergistic aspects of the ADC approach to cancer 
treatment. 

The third ADC to reach the market was trastuzumab emtansine in 2013, 
whose preclinical development had begun more than two decades prior: In 
1992, chemists at ImmunoGen had been among the first to realize that anti-
body-conjugation could increase a cytotoxin’s therapeutic index and applied 
the idea to maytansine.76 Just like dolastatin 10, the compound had been as-
cribed insufficient efficacy at the maximum tolerated dose in a variety of 
phase II studies. Because the natural product lacked a functional group for the 
direct attachment of a linker, Chari and coworkers borrowed from derivatiza-
tion methods developed in the 1970s.75 They introduced an exocyclic thiol 
residue, which was then conjugated to a maleimide residue bound to a murine 
antibody. The ADC served as a proof-of-concept of the preclinical efficacy of 
antibody-maytansinoid conjugates.76 In the following years, ImmunoGen’s 
maytansinoid platform was combined with antibodies from several different 
biotech companies, and the collaborations yielded a number of clinical stud-
ies.189 Trastuzumab emtansine, whose clinical development began in 2010,190 
is so far the only ADC of its class to receive regulatory approval. Like the 
ADC, the anti-HER2 parent antibody is used for the treatment of metastatic 
breast cancer. The conjugate is often effective when antibody resistance has 
evolved, illustrating the synergy between protein and small molecule once 
more.191 

Since 2017, at least one new antibody-conjugate has received marketing 
authorization annually. Pfizer’s inotuzumab ozogamicin was approved for the 
treatment of acute lymphoid leukemia in 2017 and is made up of the same 
principal components as gemtuzumab ozogamicin, albeit with an anti-CD22 
immunoglobulin. 2018 saw the first approval of a recombinantly linked con-
jugate: Moxetumomab pasudotox consists of Pseudomonas exotoxin, a 38kDa 
bacterial protein, which is conjugated to the VH domain of a disulfide linked, 
murine Fv against CD22. The conjugate is used to treat hairy cell leukemia.192 

                               
vi Pillow et al have since demonstrated that even a tertiary amine such as that found in dolastatin 
10 can be used for antibody-conjugation via the corresponding quaternary ammonium resi-
due.186 This discovery was by no means obvious, however. 
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In 2019, two more antibody-MMAE conjugates were approved: Po-
latuzumab vedotin is used to treat B-cell lymphoma, whereas enfortumab ve-
dotin is useful in the treatment of urothelial carcinoma. In both cases, the 
make-up is analogous to that of brentuximab vedotin, and all three ADCs in-
clude a cleavable dipeptide linker. 

The same year, two more ADCs received marketing authorization: 
Trastuzumab deruxtecan is used to treat breast and gastric cancer and became 
the third chemical entity to be based on the anti-HER2 antibody to be used in 
oncology.193 Sacituzumab govitecan is also used to treat breast cancer, in ad-
dition to urothelial carcinoma.194 Both ADCs employ camptothecin analogues 
as cytotoxic payloads: Deruxtecan consists of a cleavable tetrapeptide linker 
and DXd, a hydrophilic camptothecin derivative.195 Govitecan, on the other 
hand, encompasses SN-38, the primary active metabolite of irinotecan, bound 
to a polar, acid-sensitive carbonate linker.196 Sacituzumab is unique in that it 
targets Trop-2, making it a viable treatment option even for triple negative 
breast cancer in which trastuzumab-based therapy would be futile.197 

2020 saw the first approval of a monomethylauristatin F (MMAF) derived 
ADC. Belantamab mafodotin is used in patients with multiple myeloma who 
have received at least four prior treatments. The anti-BCMA IgG1 is armed 
with MMAF via a non-cleavable ω-maleimidocaproyl amide.198 MMAF, like 
MMAE, is a synthetic analogue of dolastatin 10. Both compounds are potent 
inhibitors of tubulin polymerization, but differ in pharmacokinetic aspects 
(see pages 43, 67-77).199 

The most recent ADC to be approved was simultaneously the first armed 
with a PBD-payload. In April 2021, ADC Therapeutics’ loncastuximab tesir-
ine was granted marketing authorization by the FDA for the treatment of a 
variety of B-cell lymphomas.200 The ADC’s success is the result of a plethora 
of chemical efforts dating back to the first discovery of actinomycin more than 
half a decade ago47,50 and is preceded by a series of clinical failures of other, 
structurally similar conjugates.201 Tesirine encompasses an enzymatically 
cleavable dipeptide linker bound to SG-3199, a dimeric PBD. The linker-drug 
is bound to loncastuximab, an anti-CD19 IgG1. In December 2020, ADC 
Therapeutics presented encouraging, preliminary phase II data on the use of 
camidanlumab tesirine in Hodgkin’s lymphoma, a structurally similar anti-
body-PBD conjugate.202 

ADCs represent the fruition and convergence of decades-long scientific 
work toward the design of cytotoxic small molecules and antibodies alike. As 
this thesis is being written, ten ADCs have received regulatory approval and 
that number may already have increased by the time it is published, owing to 
the dozens of ongoing clinical studies.203 
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Structural Components 

The cytotoxin 
The very first pharmacokinetic studies of radiolabeled antibodies suggested 
that only a small fraction of the total injected dose was localized in the tumor 
tissue at any one time. Moreover, once an ADC has bound to its target cell, 
internalization of the ADC-antigen complex may be neither rapid nor com-
plete. Consequently, for a cytotoxin to be a viable ADC-payload, it needs to 
be extraordinarily potent.195,204 As a rule of thumb, the plain payload’s IC50 in 
the target cell line should be in the subnanomolar range (see Figure 6).195 

Another crucial property of an ADC payload is its ability to cause bystander 
killing, i.e. the ability to diffuse from its target cell and enter a – potentially 
“innocent” (benign) – bystander cell. The detached payload’s serendipitous, 
passive diffusion toward the inside of a tumor can help counteract an ADC’s 
inherently suboptimal penetration of malignant tissues. Its cellular permeabil-
ity is generally not subject to the same antigen-related limitations as that of 
the conjugate from which it originates. Conversely, bystander killing lacks the 
tissue specificity that normally derives from the antibody and entails the risk 
of systemic toxicity. It is therefore a double-edged sword, and whether a viable 
ADC payload exhibits pronounced or virtually no bystander killing depends 
on a variety of factors including tumor morphology and heterogeneity.205–207 

In cases where prolonged treatment leads to the overexpression of transport 
proteins, drug efflux can be a means by which malignant cells acquire re-
sistance to chemotherapy (see pages 52-53).208–210 Consequently, a payload’s 
propensity to serve as an efflux substrate is another defining characteristic. 

Of the now established payload classes, most rank approximately in the 
0.1-1nM IC50-range: Camptothecin derivatives (see page 25), such as DXd 
(trastuzumab deruxtecan) and SN-38 (sacituzumab govitecan) are inhibitors 
of topoisomerase I.211 As such, they are selectively toxic to cells in the S-phase 
of the cell cycle.212 DXd is a potent mediator of bystander killing, but notably 
only in a proximal manner.213 The even more hydrophobic and likely more 
membrane permeable SN-38 is likely to behave similarly.  
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N-acetyl calicheamicin γ1 (see Figure 3, page 27) is the warhead of Pfizer’s 
(formerly Wyeth’s, vide supra) gemtuzumab and inotuzumab ozogamicin. It, 
too, targets DNA although not via an associated enzyme: Owing to the gly-
can’s three-dimensional shape, the payload inserts itself into the minor groove 
of DNA, and the enediyne portion of the molecule undergoes a radical cy-
clization to a benzyn intermediate. The diradical abstracts two hydrogen atoms 
from the adjacent DNA strand, triggering catastrophic double-strand scis-
sion.109,110 Owing to its mechanism of action, calicheamicin sensitivity is not 
cell cycle dependent, but is reduced in cells with efficient DNA repair.214 The 
acid labile nature of the linker portion of ozogamicin has however proved to 
release a portion of the drug in the extracellular tumor microenvironment, po-
tentially implicating the payload in bystander killing.207 Since calicheamicin’s 
discovery, other enediyne antibiotics have been isolated from natural sources, 
and in at least one case tested as an ADC payload. That compound, uncialamy-
cin, appears to be similarly cytotoxic as calicheamicin.215 

Maytansinoids and auristatins inhibit tubulin polymerization and they do 
so substantially more potently than vinca alkaloids.195 Maytansine (see page 
24) shares a binding site with vinblastine, while auristatins (see page 28) bind 
in a distinct fashion.70,101 The two most well-studied maytansinoids in the 
ADC context are DM-1 (see Figure 6) as featured in trastuzumab emtansine, 
and DM-4, whose exocyclic linker encompasses an additional dimethyl-meth-
ylene moiety. As part of the emtansine linker-payload combination, DM-1 is 
harmless to bystander cells.207,213 The clinically most relevant auristatins are 
MMAE (see Figure 6) and MMAF. The latter features a C-terminal phenylal-
anine residue instead of MMAE’s norpseudoephedrin.105 The two payloads 
are the most prevalent of all: MMAE is the warhead component in brentuxi-
mab, polatuzumab and enfortumab vedotin, respectively, whereas MMAF is 
featured in belantamab mafodotin. While both payloads are similarly potent 
inhibitors of cell division,216 the crucial difference is their vastly different pro-
pensity to cause bystander killing, which is pronounced for MMAE and es-
sentially absent for MMAF.205 Tubulysins represent another class of inhibitors 
of tubulin polymerization with the potential to make for clinically useful ADC 
payloads.217 

PBD dimers are among the most potent ADC payloads and consequently, 
rank among the most cytotoxic compounds known. Their IC50 values reach 
from the double digit picomolar into the subpicomolar range.50,195 Like acti-
nomycin, the natural prototype from which they derive (see page 22), syn-
thetic PBDs encompass an – in some instances masked – electrophilic imine 
residue in the diazepine core. Dimeric payloads, like loncastuximab tesirine’s 
SG-3199, cause sequence-specific inter- and intra-strand DNA crosslinking 
and thus represent the only DNA-alkylators to have proven viable ADC pay-
loads. Moreover, some PBD-dimers are resistant to malignant cells’ DNA re-
pair mechanisms, triggering cell cycle arrest and apoptosis upon target en-
gagement.50,218,219 Duocarmycins represent a class of payloads similar both 
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with regard to their mechanism of action and potency.220 No ADC of this type 
has yet been approved, but several clinical programs have reached advanced 
stages.221 

Amatoxins make up another noteworthy class of ADC payload with α- 
amanitin the most studied among them. The octapeptidic, macrocylic inhibitor 
of RNA polymerase II is produced predominantly by mushrooms of the genus 
Amanita, and its structure was first elucidated in 1960.222 Despite being 
slightly less cytotoxic than most other classes of warheads, α-amanitin has 
nevertheless been shown to be a viable payload in preclinical experi-
ments.223,224 The exceptional hydrophilicity of the compound diminishes the 
likelihood of passive or MDR1-mediated efflux from the target cell and likely 
prevents any bystander killing.222 At the time this thesis is being written, pa-
tient recruitment for a first-in-man clinical study of HDP-101 is soon set to 
begin. The anti-BCMA-amanitin conjugate will be tested for the treatment of 
multiple myeloma.225 

PNU-159682 is a serendipitously discovered, oxidative metabolite of 
nemorubicin, which in turn is a structural analogue of DOX (see page 
22).226,227 The discovery that it was some three orders of magnitude more cy-
totoxic than its parent compound attracted the interest of the ADC community. 
Bioconjugates armed with the anthracycline have since been synthesized and 
characterized in a preclinical setting.228,229 

Although they, too, have yet to prove their clinical worth, kinesin spindle 
protein inhibitors (KSPi) also warrant notoriety. They are characterized by a 
unique mechanism of action: KSP is a motor protein involved in centrosome 
separation during mitosis and its inhibition provides the possibility to selec-
tively target M-phase cells while bypassing tubulin.230 Inspired by two earlier 
patents, Lerchen’s group at Bayer discovered a remarkably simple, entirely 
synthetic pyrrole scaffold with subnanomolar IC50 values in a variety of cell 
lines owing to its potent inhibition of KSP. Antibody-drug and -prodrug con-
jugates armed with KSPis have been synthesized and a thorough preclinical 
investigation has yielded promising results.231,232  
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The linker 
Gemtuzumab ozogamicin’s linker was designed to be stable at the near-neu-
tral pH the ADC would encounter in circulation but hydrolyze rapidly in the 
acidic environment of an intracellular lysosome (see Table 4). The antibody-
facing end of the linker was to consist of a carboxylic acid to allow for conju-
gation to a lysine residue via an amide. After having previously experimented 
with protein-bound, carbohydrate derived aldehydes, the chemists at Wyeth 
had a disulfide derivative of N-acetyl calicheamicin γ1 in hand, which con-
tained a terminal hydrazide residue. Condensation of the latter with an array 
of aromatic aldehydes and ketones, each containing a terminal carboxylic acid, 
furnished a small library of hydrazones. The terminal carboxylates were then 
transformed into NHS-esters, which were in turn used for bioconjugation (see 
pages 54-55). All conjugates were subsequently incubated at pH 4.5 and pH 
7.4 to assess the relative rates of hydrolysis, in addition to determining their 
in vivo, in vitro and ex vivo potencies. The linker hydrolyzed almost exclu-
sively under those conditions imitating the lysosomal compartment and 
proved most selectively cytotoxic.233 Consequently, it became Wyeth/Pfizer’s 
linker of choice and is now featured in both of the company’s approved 
ADCs.185,234 The linker functions in a two-step process: Lysosomal, and to a 
minor degree, extracellular207 hydrolysis of the hydrazone liberates a disul-
fide-bound hydrazide derivative of calicheamicin. Upon binding to DNA, glu-
tathione reduction then furnishes the terminal thiol, which reacts intramolec-
ularly and generates the ring strain necessary to achieve the radical cycloaro-
matization by which the toxin causes double-strand scission.235,236 

Sacituzumab govitecan is another example of an ADC encompassing an 
acid-sensitive linker. It is bound to the alcohol residue of SN-38 via a benzyl-
carbonate motif, which is readily cleaved under lysosomal conditions.236 The 
design is derived of an analogous linker containing a Phe-Lys motif instead of 
govitecan’s solitary lysine.237 The purpose of the original dipeptide was to im-
part peptidase cleavability on the linker, whereby the payload would be re-
leased intracellularly in a cascade reminiscent of vedotin-armed ADCs (vide 
infra).105,238 The removal of the phenylalanine residue simplified the synthesis 
of the linker-payload reagent and, despite eliminating peptidase-sensitivity, 
had only a minor influence on the in vivo properties of comparable conju-
gates.237 The lysine residue, while not affecting cleavage kinetics in isolation, 
presumably enhances the linker-drug’s hydrophilicity along with the PEG-
chain. The azide motif in the linker arises from the reaction of an intermediate 
encompassing an azide-capped PEG chain with a SMCC-acetylene-amide. 
Conjugation to the antibody proceeds by reaction of the SMCC-maleimide 
with cysteine residues on the solvent-accessible surface of the protein.239 

Of all linker designs, those encompassing cleavable peptides have been the 
most successful. The three vedotin-containing ADCs, along with trastuzumab 
deruxtecan and loncastuximab tesirine all rely on this type of linker. Vedotin 
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encompasses a Val-Cit dipeptide bound at its C-terminus to the anilinic nitro-
gen of para-aminobenzyl (PAB) alcohol. This design was first tested by a 
group of researchers at Bristol Myers Squibb (BMS) in search of a peptide 
sequence which would be both hydrophilic and cleaved readily by cathepsin 
B,vii a ubiquitous and exclusively intracellular peptidase overexpressed in a 
variety of malignancies. The purpose of the PAB moiety was twofold: On one 
hand, it was meant to undergo self-immolation by virtue of 1,6-elimination 
upon cleavage of the Cit-PAB amide bond. On the other hand, it served to 
increase the distance between the payload and the site of enzymatic action. 
BMS’ seminal study explored the release of doxorubicin, whose amine residue 
was bound to the PAB-moiety via a carbamate. In the absence of the PAB-
spacer, no hydrolysis occurred, but in its presence, both Phe-Lys- and Val-Cit-
containing linkers were readily cleaved by the enzyme.240 241 

 
 
 
 
 
 
 
 

Table 4. Linkers used in ADCs approved for cancer therapy. aNumbering of entries 
corresponds to the figure on the next page. bNon-cleavable linkers. Color-coding: 
Purple = payload; blue = antibody attachment (see next page); green = cleavable 
linker functionality.  

Entrya ADC(s) Payload Cleavable motif Cleavage mediator 

A 
Gemtuzumab & 
inotuzumab 
ozogamicin 

N-acetyl 
calicheamicin γ1 Hydrazone Acidic pH 

B Sacituzumab 
govitecan 

SN-38 Carbonate Acidic pH 

C 

Brentuximab & 
polatuzumab & 
enfortumab 
vedotin 

MMAE Dipeptide Peptidase 

D Trastuzumab 
deruxtecan 

DXd Tetrapeptide Peptidase 

E Loncastuximab 
tesirine 

SG-3199 Dipeptide Peptidase 

F Trastuzumab 
emtansine 

DM1 n.a.b n.a.b 

G Belantumab 
mafodotin 

MMAF n.a.b n.a.b 

                               
vii It has since been found that linkers of the Val-Cit type can be cleaved by cells lacking the 
cathepsin B gene, indicating that other cathepsins may also play a role in Val-Cit catabolism. 
Moreover, the authors suggest that cathepsin-independent mechanisms may be at play.241 



 47

 



 48 

As part of the discovery process which gave rise to brentuximab vedotin, 
the first ADC of this kind to receive marketing approval, Seattle Genetics ex-
perimented with three linker designs: an acid-sensitive hydrazone reminiscent 
of the one found in gemtuzumab ozagamicin, as well as a Phe-Lys-PAB- and 
a Val-Cit-PAB-linker motif. The latter two were bound to the secondary, N-
terminal amine of MMAE via a carbamate. While both proved substantially 
more resistant to non-enzymatic hydrolysis in plasma than the hydrazone-
linked conjugate, the added stability was especially pronounced in the Val-Cit 
case. Conjugation to antibody-bound cysteine residues was achieved via an ω-
maleimidocaproic acid (Mc) moiety.105 

The linker portion of tesirine is analogous to that of vedotin with three ex-
ceptions: Instead of vedotin’s Val-Cit it contains a Val-Ala dipeptide, which 
is likewise cleaved by cathepsin B. In addition, because it is used in conjunc-
tion with the highly hydrophobic SG-3199, it encompasses a PEG chain in-
tended to increase the linker-payload’s aqueous solubility.242 Lastly, its malei-
midopropionic acid (Mp) residue replaces vedotin’s Mc, presumably increas-
ing hydrophilicity somewhat more. Solubility issues had previously hindered 
the practical utility of talirine, a structurally similar PBD-containing payload-
linker reagent at the core of several clinically assessed ADCs.201 

In contrast to vedotin, tesirine and talirine, deruxtecan’s cleavable linker 
consists of a tetrapeptide, i.e. Gly-Gly-Phe-Gly, which was also demonstrated 
to be a substrate of cathepsins.243 The peptide is bound to a self-immolative 
aminomethylene residue instead of PAB, thereby enhancing its aqueous solu-
bility.195 In analogy to vedotin, antibody conjugation proceeds via a cysteine-
reactive Mc residue. 

Although all enzymatically cleavable ADCs to receive marketing authori-
zation thus far have relied on the action of cathepsin, other designs have been 
synthesized and studied. These include peptides cleaved by other proteases,232 
sulfatases,244 glucuronidases,245 and phosphatases.246 

Unlike the linkers contained in the ADCs discussed so far, those found in 
trastuzumab emtansine and belantamab mafodotin are not cleavable and 
merely serve to covalently bridge the respective payloads to the antibodies. 
Consequently, the intracellular release of the payload requires lysosomal deg-
radation of the ADC as opposed to only the linker. The payload then remains 
bound to the cysteine- or lysine-residue which had been its antibody-attach-
ment site and must be cytotoxic even in this form. The residual amino acid 
also impacts the cytotoxic catabolite’s propensity to cause bystander killing 
and typically decreases it substantially.207,216 Like govitecan, emtansine con-
tains the heterobifunctional SMCC motif, albeit in reverse: The maleimido- 
group serves as the attachment point for DM1’s thiol residue and the antibody 
conjugation proceeds via the lysine-reactive, activated carboxylate.76 
Mafodotin consists of MMAF, which is amide-bound to Mc via its N-terminal 
secondary amine residue.198 
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The antibody and bioconjugation 
Regardless of whether it is poised to become a standalone therapeutic or the 
core component of an ADC, the single most important structural property of 
an antibody is its antigen specificity. Not only is antigen expression in malig-
nant cells relative to healthy tissues a crucial factor, but also if antibody bind-
ing causes internalization.247 Non-internalizing antigens can make for viable 
ADC targets but necessitate the choice of an extracellularly cleavable linker 
and membrane permeable payload. Bispecific antibodies have two different 
Fabs, offering even better tissue selectivity while promising greater resilience 
to antigen downregulation by the target cell. With both chemical and genetic 
means for their generation in hand, several bispecific antibodies have been 
approved for human use, and several preclinical studies have shown the po-
tential of bispecific ADCs.248,249 

The choice of isotype and glycoform effects the ADC’s biological half-life 
and therefore also bears relevance.250,251 Excessive FcRn binding can cause 
endosomal expulsion of the ADC prior to lysosomal processing, preempting 
intracellular payload release (see pages 52-53). While the ability to induce 
antibody- or complement-dependent cell-mediated cytotoxicity is a require-
ment for therapeutic immunoglobulins (with the exception of checkpoint in-
hibiting antibodies, see page 34), it represents an added benefit in the context 
of ADCs.252 Additional considerations relate to the nature of the linkage be-
tween antibody and small molecule (i.e. bioconjugation, vide infra), which in 
turn is intricately linked to the specific structure of the protein. 

Lysine is one of the most common amino acid in the human proteome and 
encompasses a side chain amine residue, which lends itself to modification.253 
Three of the approved ADCs rely on lysine residues on the protein’s surface 
for bioconjugation: Gemtuzumab ozogamicin, inouzumab ozogamicin and 
trastuzumab emtansine.185,234,254 All three conjugates are synthesized by react-
ing the antibody with a molar excess of the respective N-hydroxysuccinimide 
(NHS) ester reagent, yielding an amide bond between the protein and small 
molecule (see pages 54-55).233,255 Protein N-termini and tyrosine residues have 
also been shown to react with NHS-esters, but near-total chemoselectivity can 
be achieved by means of pH-adjustment and is not a concern in the ADC con-
text.256 

Owing to the amino acid’s abundance, lysine linkage is especially prone to 
generate a heterogeneous mixture of conjugate regiomers.257 The mass spec-
trometric analysis of an IgG1-emtansine conjugate revealed that it may be 
possible to predict the propensity of a lysine residue to undergo conjugation 
based on solvent accessibility and structural flexibility. In practice, of the an-
tibody’s 86 Lys residues, 40 underwent partial conjugation, none of which 
were situated in the complementarity determining region. Heterogeneity was 
further exacerbated in a stoichiometric sense: The drug-antibody ratio (DAR) 
ranged from zero to six, i.e. any one protein was conjugated with up to six 
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payload molecules. The ADC thus represented a mixture of up to 4.5 million 
regiochemically and stoichiometrically distinct conjugates, all of which may 
have different pharmacodynamic and pharmacokinetic properties.257,258 

In light of the extreme heterogeneity lysine ligation generates, the majority 
of ADCs since gentuzumab ozogamicin have exploited cysteine residues for 
cytotoxin attachment. In the human proteome, cysteine is substantially less 
common than lysine,253 and found predominantly in the Fc portion of anti-
bodies (see Figure 4, page 31). The reductive cleavage of the disulfides of an 
IgG1, for example, yields at most eight solvent-accessible cysteine residues. 

However, cysteine bioconjugation does not eliminate stoichiometric and 
regiochemical heterogeneity. Commercial brentuximab vedotin, for instance, 
is comprised of a mixture of five stoichiometrically distinct species (DAR = 
0, 2, 4, 6, 8), which each consist of different regioisomers.259 Moreover, cys-
teine bioconjugation typically necessitates the reductive cleavage of inter-
chain disulfides (see Scheme 2, page 55) which may in turn compromise the 
integrity of the antibody.260,261 When maleimides are used as electrophilic han-
dles for cysteine bioconjugation, the resulting ADCs are not indefinitely stable 
in circulation and payload detachment can occur.262 Linkage stability corre-
lates with the acidity of the cysteine educt, but the latter cannot easily be pre-
dicted.263 

The most notable solution to the issues of conjugation heterogeneity and 
antibody integrity is Genentech’s/Roche’s Thiomab technology. It relies upon 
site-directed mutagenesis to incorporate two or four additional cysteine resi-
dues, which then serve as selective bioconjugation sites. The reduced hetero-
geneity Thiomabs yield has shown to improve a conjugate’s therapeutic win-
dow,264 and its clinical impact is being investigated in the context of an anti-
biotic ADC.186,265 Selenomabs, which encompass a side chain selenol,266 have 
the same conceptual advantages as Thiomabs. Bradley Pentelute’s site selec-
tive approach exploits the kinetically and thermodynamically favorable effect 
of the π-clamp, a cysteine containing tetrapeptide. It can be inserted at the 
heavy chain C-termini and reacts more rapidly with perfluoroarenes than the 
protein’s other nucleophilic moieties.267,268 

Other approaches toward improving cysteine-based bioconjugation have 
relied on modified handles on the payload end, instead. There are numerous 
examples of electrophiles, which yield thiol-adducts with greater stability than 
maleimidothioethers: bromo- and dibromo-maleimides;269–271  ethynylphos-
phonamidates;272 vinyl-, alkynyl-pyridines, divinyl-pyrimidines and dibromo-
pyridiazinediones;257,273,274 β,β’-disulfonylketones;275 aryl palladium(II) com-
plexes;276 and many more.277 Some of these moieties retain sufficient electro-
philicity after a single thiolation to allow for a subsequent, second nucleophilic 
attack, allowing for the “rebridging” of reduced disulfides. None are inher-
ently site-selective, but the rebridging bioconjugation handles reduce the num-
ber of cysteines available for conjugation by half and imply the indirect re-
duction of conjugate heterogeneity. 
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Some unconventional bioconjugation techniques involve serine phosphor-
ylation;278 cysteine-, glycine- or serine-oxidation by chemical or enzymatic 
means,279–281 followed by the subsequent derivatization of the resulting alde-
hydes (see Scheme 13, page 84);282–286 the chemical, enzymatic or genetic 
introduction of azide groups,287–289 followed by click chemistry, and many 
more.257,265 Nevertheless, few of these unconventional methods for antibody 
conjugation have been applied in a clinical context. 
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Mechanisms of Action and Resistance 
ADCs are administered intravenously. The classical mechanisms by which 
they target and destroy tumor cells are the following (see Scheme 1):290,291  

Upon circulation, the conjugate will eventually encounter an antigen-posi-
tive cell. It typically requires the binding to two copies of antigen to prevent 
re-dissociation. A bound conjugate may cause antibody- or complement-de-
pendent cellular cytotoxicity and some acid-labile linkers have been suggested 
to cause partial payload release at this stage.207 Depending on the antigen to 
which it is bound, the conjugate may then by absorbed by receptor- or clathrin-
mediated endocytosis.292 Antibodies with pronounced FcRn affinity may then 
affect the recycling of the intact conjugate to the cell surface, leading to its 
cellular expulsion.293 Alternatively, the endosome is processed to become a 
lysosome, which entails a drop in compartmental pH and the influx of prote-
ases such as cathepsin. The nature of the linker dictates whether the ADC is 
then catabolized completely or if linker cleavage precedes protein digestion. 
Regardless of the order of events, lysosomal processing results in the intracel-
lular release of the payload, which finds its molecular target and triggers apop-
tosis. A membrane permeable payload can diffuse from the target cell prior to 
or after causing apoptosis, potentially implicating it in bystander killing. Un-
less the payload covalently binds its cytological target upon engagement, it 
will remain cytotoxic until it has either been metabolically inactivated or elim-
inated from systemic circulation. 

The complexity of the cascade through which ADCs cause apoptosis entails 
vulnerability to several mechanisms by which cancer cells develop resistance 
(see Scheme 1). In large part, they can be considered an amalgamation of pro-
cesses by which neoplasms lose sensitivity to either the unconjugated antibody 
or standalone payload: 

Antigen downregulation has, for example, been shown to be involved in 
the development of resistance against trastuzumab and trastuzumab em-
tansine.294 Drug efflux transporters, on the other hand, play a major role in the 
development of resistance to untargeted chemotherapeutics and have been im-
plicated in ADC resistance, as well.208–210 Mutation, overexpression or the ac-
tivation of alternate cellular pathways can likewise trigger a loss of payload 
sensitivity.295 Other mechanism of resistance are unique to ADCs and are 
caused by alterations to one of the many processes involved in the vesicular 
transport and lysosomal digestion of the conjugate.294,296 
  



 53

  

Sc
he

m
e 

1.
 T

he
 m

od
e 

of
 a

ct
io

n 
of

 a
n 

ex
em

pl
ar

y 
A

D
C

 a
rm

ed
 w

ith
 a

 D
N

A
-t

ar
ge

tin
g 

pa
yl

oa
d.

 T
he

 m
ec

ha
ni

st
ic

 a
sp

ec
ts

 o
f 

by
st

an
de

r 
ki

ll
in

g 
an

d 
ac

qu
ir

ed
 r

es
is

ta
nc

e 
(b

lu
e 

bo
xe

s)
 a

re
 a

ls
o 

sh
ow

n.
 



 54 

Synthesis and Analysis 
Aside from the antibody itself, the synthesis of an ADC involves at least three 
additional elements: an aqueous buffer to avoid denaturation of the protein, an 
organic modifier to achieve sufficient solubility of the payload, and a stoichi-
ometric excess of the payload to be conjugated (see Scheme 2, top). Once it is 
presumed that the reaction has reached the desired degree of conversion, low 
molecular weight impurities are removed, and the conjugate is transferred into 
a different solvent. The latter two steps are most commonly achieved in either 
of two ways: Molecular weight cut-off (MWCO) methods such as membrane 
centrifugation and dialysis involve a semi-permeable membrane, which al-
lows for the diffusion of small molecules but retains the mixture’s macromo-
lecular components. Conversely, size exclusion chromatographic (SEC) meth-
ods cause the absorption of small molecules onto the stationary phase, which 
does not cause macromolecule retention. Lastly, the ADC-solution can be ly-
ophilized if it is intended for clinical use. 

It is at this point that the preparatory workflow is concluded. From a syn-
thetic chemist’s point-of-view, the conjugation reaction mixture represents a 
black box whose composition is not easily elucidated. Scheme 2 (bottom) re-
lates the analytical deliverables with the principle means by which they can 
be assessed and their respective clinical relevance. 

 Typically, the first analytical metric of interest is the bulk concentration of 
protein, which in the clinical context may be considered equivalent to the ad-
ministered dose. UV-233,297 and Vis-spectrophotometric methods such as Brad-
ford’s assay298 are useful in this regard. The quantification of unbound payload 
requires chromatographic assessment, and is most commonly performed using 
reversed phase liquid chromatography (RPLC) coupled to either a UV- or MS-
detector.186,233,297,299 Two other chromatographic methods are also of im-
portance in the field of bioconjugate chemistry and warrant notoriety: Like 
RPLC, hydrophobic interaction chromatography (HIC) separates analytes 
based on their polarity, but unlike the former, does not generally cause protein 
denaturation.300 Like SEC (vide supra), HIC can be used to quantify the 
amounts of unbound payload. More commonly, SEC-UV is a standard method 
to quantify protein aggregation,186,301 which impacts conjugate half-life and 
immunogenicity.302 HIC-UV, on the other hand, along with various MS-based 
methods, represents a primary means to determine the drug-antibody ratio 
(DAR, see pages 59-61). The average DAR-value of a given ADC-mixture 
impact its overall cytotoxicity. The DAR-profile, too, bears clinical relevance 
because the individual species differ in regard to hydrophobicity and there-
fore, aggregation, half-life and immunogenicity.261,299,303–305 Lastly, enzyme 
digestion followed by RPLC-MS is the method of choice to analyze the regio-
chemistry of conjugation.306,307 In some instances, regioisomers have been 
shown to have different pharmacological properties.301,305,308 
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Deliverable Clinical relevance  Assessment 

1. Quantities of 
protein 
and payload 

Protein quantity: Equivalent to dose  UV/Vis, 
RPLC- or HIC- 
or SEC-UV, 
RPLC-MS 

Payload quantity: Causes avoidable systemic toxicity 
 

2. Degree of 
aggregation 

Oligomers are less active in vivo, have shorter half-
lives and may be immunogenic302 

 SEC-UV 

3. Drug- 
antibody 
ratio (DAR) 

Average value: Equivalent to payload dose  UV/Vis, HIC-
UV, MS with 
or without 
chromatog-
raphy 

Distribution: 
DAR-species differ in half-life, 
solubility, aggregation behavior, 
immunogenicity261,299,303–305 

 

4. Regio- 
chemistry 

Regiomers differ pharmacodynamically and pharma- 
cokinetically301,305,308 

 Protein diges-
tion, then 
RPLC-MS 

Scheme 2. Top: The preparatory workflow towards a cysteine- or lysine-linked 
ADC. Either reaction yields a complex mixture of conjugates, whose analysis yields 
four principal metrics (denoted 1-4, respectively). Bottom: The clinical relevance of 
the analytical metrics of an ADC mixture and means of assessing them. 
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Limitations 
ADCs are susceptible to the same mechanisms by which neoplasms develop 
resistance to the antibody as well as the payload, in addition to unique evolu-
tionary adaptations associated with their complex catabolism (see page 52). 
An even more fundamental criticism of the bioconjugate approach takes aim 
at the very concept of a magic bullet: Because unbeknownst to Ehrlich, symp-
tomatic tumors are genotypically and phenotypically heterogeneous, a highly 
specific targeted therapeutic can only be effective against a subset of its cells. 
Other drawbacks afflict bioconjugates only in the context of solid as opposed 
to hematological neoplasms. Although IgG is abundant in healthy, extravas-
cular tissues (see Figure 4, page 31), abnormal fluid dynamics limit the diffu-
sion and convection of macromolecules in malignant pathologies.309,310 More-
over, pronounced antigen expression on the neoplasm’s surface and a high 
binding affinity can also give rise to a “binding site barrier”, which further 
undermines the antibody’s (or bioconjugate’s) ability to penetrate its target 
tissue.310–313 ADCs armed with extracellularly cleavable linkers (see pages 45-
48) and payloads characterized by pronounced bystander killing (see pages 
41-44, 52-53) are markedly less susceptible to these disadvantages. Con-
versely, the price to pay is a narrower therapeutic window. Other approaches 
make use of smaller proteins in the antibody’s stead so as to maximize the 
conjugate’s tissue penetration but sacrifice much of a classical ADC’s biolog-
ical half-life.314 On the lower end of the molecular weight spectrum, small 
targeted cytotoxins do away with a protein component altogether, and thus 
forgo a substantial degree of the specificity Ehrlich envisioned.315 

A socioeconomic point-of-view instead raises issues related a bioconju-
gate’s expensive manufacture and distribution,316 which may strain healthcare 
budgets and restrict their availability to wealthy nations. The same constraints 
apply to therapeutic biologics in general317,318 and are exacerbated by the 
added-on cost of downstream bioconjugate process chemistry. Regulatory of-
ficials may also consider the heterogeneity inherent in antibody-bioconjuga-
tion a significant quality control risk. As the manufacture of biologics has be-
come ever-more widespread, economics of scale will ultimately reduce 
costs.319 Although they have yet to achieve superior cost-effectiveness, tech-
nological breakthroughs such as cell-free synthetic methods may help accel-
erate this trend.320,321  
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Aims, Results and Discussion 

Principal Aims 
The research outlined herein was motivated by the goal to improve upon the 
state of the art of targeted chemotherapy and ultimately achieve a clinical ben-
efit for cancer patients. Due to the relative novelty and high-tech nature of the 
ADC-field, the involved institutions initially lacked established workflows 
and latest state-of-the-art pieces of instrumentation, which had been the basis 
of best practices developed elsewhere. Moreover, we suspect that much of the 
experience gathered by authorities in the field may never have made publicly 
available owing to the competitive pressure of industry R&D. These observa-
tions rang truest of the analytical facets of our work. 

Our analytical research can be summarized as fulfilling two principle aims: 
to evaluate and compare published workflows for qualitative ADC analysis 
(Paper I, see pages 59-61) and to apply analytical techniques whose origins 
lie in other fields (Paper II, see pages 62-66). These publications may be seen 
as both an evaluation and an addition to the state-of-the-art of ADC research. 
We hope that their general availability to chemists new to the field will lower 
the financial barrier for entry and accelerate the efforts of the research com-
munity, thus contributing to an eventual clinical benefit for patients. 

In parallel with our analytical work, we conducted synthetic efforts to ad-
dress some of the functional and structural limitations ADCs currently pos-
sess. Specifically, our attention was directed towards the discrepancies be-
tween the concept of ADCs as magic bullets and the clinical reality. Was Ehr-
lich’s vision perfectly fulfilled by an ADC, the “naked” payload from which 
it derives its cytotoxicity – formed as a result of antibody detachment or the 
inevitable diffusion from an apoptotic target cell – would be completely harm-
less in systemic circulation and not cause bystander killing (see pages 52-53). 
In azastatin, we have designed and synthesized a molecule which, judging 
from the experimental data currently available, comes closer to providing the 
selective cytotoxicity a magic bullet requires than any preceding it (Paper III, 
see pages 67-77). 

But despite its unambiguously negative connotation in the context of a 
magic bullet, bystander killing is a double-edged sword in reality: its elimina-
tion also renders a payload incapable of inducing apoptosis in tumor cells 
proximal to the site of initial antibody delivery (see page 56). For an ADC 
derived from an azastatin-like payload to be highly efficacious against a solid 
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tumor, it must therefore exhibit excellent tissue penetration so that even 
scarcely vascularized sections of the neoplasm can be reached. Our efforts in 
this enterprise are not yet ready for publication, but preliminary results indi-
cate that the replacement of the antibody with a substantially smaller scaffold 
protein such as ADAPT6 (see page 90) may make for conjugates with the 
desired properties. 

Our synthetic efforts also address issues with the antibody linkage of the 
small molecule. To facilitate the derivatization of payloads to payload-linker 
reagents, we attempted to devise a method for the solid-phase synthesis of 
maleimidothioethers. Because we ultimately failed to cleave the intact male-
imides from the resin in appreciable yield, we deemed the work to be un-
publishable as a standalone piece of literature (unpublished, see pages 78-82). 

Lastly, we identified several unmet needs in the area of bioconjugation. The 
state of the art of bioconjugate chemistry typically yields stoichiometrically 
(i.e. relating to DAR) and regiochemically (i.e. relating to site-selectivity) het-
erogenous mixtures of protein-drug conjugates (see pages 49-51), whose 
physio-logical stability has proven suboptimal. Our research in this area has 
revealed that the established platform of maleimide-derivatized payload-
linker reagents does not have to be replaced by entirely new biorthogonal mo-
dalities but lends itself to Wittig chemistry, through which they can be linked 
to aldehyde-tagged peptides via alkenes (Paper IV, see pages 83-93). Because 
the novel methodology is applicable to the payload-linker reagents most bio-
conjugate chemists already have on their shelves, it is our hope that it will 
become so popular as to eventually translate into a clinical benefit for patients. 
Although another such method exists, we consider ours the only general bio-
conjugation technique involving Wittig chemistry applicable to therapeuti-
cally relevant cytotoxic modalities. 
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DAR Determination (Paper I) 
The multitude of analytical techniques applicable to antibody-drug conjugates 
places a significant burden of choice on new entrants to the field, especially 
when an accurate assessment of the DAR is required in the early stages of 
ADC development. At the outset of our analytical work, numerous studies had 
compared DAR-values acquired by different means originating from different 
sources. A systematic comparison of analytical techniques based on a single 
ADC-batch was glaringly lacking. Paper I addresses this discrepancy. 

ADC Synthesis 
Four ADC-mixtures consisting of trastuzumab and vedotin differing in their 
respective DARs were synthesized as follows: ‘Low’- and ‘mid’-DAR ADCs 
were generated by partly reducing the antibody (2.25 mol. eq. and 3.25 mol. 
eq. of DTT, respectively), while ‘high’- and ‘maximum’-DAR ADCs were 
obtained by using a large excess of the reagent (10mM solution). All reduc-
tions were carried out for 30 minutes in aqueous borate buffer (50mM, pH 
8.0) at 37°C. After desalting by means of ultracentrifugation, the partially re-
duced antibodies (‘low’- and ‘mid’-DAR) were both treated with 13 mol. eq. 
of vedotin, while the fully reduced antibodies (‘high’- and ‘maximum’-DAR) 
were conjugated with 5 and 11 mol. eq., respectively. The Michael additions 
were performed in 25% aqueous acetonitrile at a protein concentration of 
2mg/mL and 4°C. After 2 hours, the reaction mixtures were once again de-
salted, and the mixtures were then analyzed by four different analytical meth-
ods. 

Comparative analysis 
Table 5 compares the average DAR-values for each ADC-mixture depending 
on the means of analytical assessment. All tested techniques provided satis-
factory and rather similar results. The relative standard deviations decreased 
with an increase in DAR. It is worth pointing out that the degree of conjuga-
tion of the ‘High DAR’-ADC mixture is over-estimated by all four different 
analytical methods: Because only five molar equivalents of vedotin were 
added, the average DAR cannot have exceeded this number. Consequently, 
even when several analytical methods are combined, the estimate should be 
evaluated critically. This holds true even for marketed conjugates, for which 
differing DAR-values been reported.viii 233,259,306,322–325 

                               
viii A non-exhaustive list of contradictory literature reports of the DAR-values of marketed con-
jugates follows: Gemtuzumab ozogamicin,233,322 brentuximab vedotin,259,323 trastuzumab em-
tansine,306,324 inotuzumab ozogamicin.322,325  
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Table 5. Average DAR-values of four ADC mixtures according to four different 
analytical methods. Relative standard deviations are given in parentheses. 

Analytical  
Technique 

DAR of ADC mixture 

’Low’ ’Mid’ ’High’ ’Max’ 

HIC-UV 1.0 (1.9%) 2.0 (5.7%) 6.1 (1.2%) 7.8 (1.1%) 
MALDI-ToF-MS 1.1 (13%) 1.5 (1.5%) 6.0 (1.7%) 7.4 (1.1%) 
RPLC-MS (qToF) 1.2 (2.1%) 1.6 (5.1%) 5.9 (0.5%) 7.0 (0.8%) 
RPLC-MS (Orbitrap) 1.6 (9.4%) 2.2 (18%) 5.9 (0.2%) 7.9 (0.5%) 

 
With an increasing degree of conjugation, HIC-UV/Vis chromatograms be-
came more difficult to interpret (see Figure 7). While the assignment of the 
peak identity was trivial for the unconjugated antibody and the DAR2-ADC-
species, increased hydrophobicity and regiochemical heterogeneity led to the 
evolution of several peaks corresponding to DAR4- and DAR6-species and a 
widening of the peaks corresponding to DAR6- and DAR8-species. 

 
Figure 7. Superimposed HIC-UV/Vis chromatograms of the four ADC-mixtures and 
unconjugated trastuzumab. Schematic representations of regioisomers of the respec-
tive DAR-species have been added at their presumed retention times. 

The assignment of peak identities in HPLC-MS obtained deconvoluted mass 
spectra was relatively unambiguous with both qToF and Orbitrap detectors. 
However, a bias in favor of the light chains (Lcs) and their drug-ligated ver-
sion (Lc+1) over heavy chains (Hcs) was evident in qToF- but not Orbitrap-
derived mass spectra. The Orbitrap detector gave more precise estimates of 
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accurate mass values for most of the Hc- and Lc-species, while the standard 
deviation obtained in triplicate injections was lowest for the qToF detector. 

Analysis by MALDI-ToF was fastest due to the lack of chromatography 
and deconvolution of the raw data. Compared to the other mass spectrometers 
assessed in this study, however, MALDI-ToF yielded very broad mass peaks, 
and the bias in favor of Lcs over Hcs was even more prominent than in the 
case of the qToF detector. This behavior was so pronounced that some spots 
on the matrix gave no Hc-signal at all, and results were dependent on the sam-
ple application technique. 

Summarized recommendations 
In summation, all four assessed analytical techniques provided reasonable es-
timates of average DAR-values. Nevertheless, at least two orthogonal analyt-
ical methods should be combined in early-stage ADC characterization. Inex-
pensive instrumentation and straightforward data interpretation – especially at 
low DAR-values – make HIC-UV/Vis a very attractive analytical tool in pre-
clinical ADC development. MALDI-ToF enables the relatively imprecise but 
rapid supplementation of HIC-UV/Vis- with mass-data. RPLC coupled to ei-
ther a qToF- or Orbitrap-detector yielded more precise accurate mass esti-
mates of the individual analytes, but data acquisition and analysis are gener-
ally more time consuming. A follow-up study of ours revealed that even sub-
stantially more widely available triple quadrupole mass spectrometers repre-
sent a viable substitute for qToF and Orbitrap detectors in the context of DAR 
quantification.326 
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Desalting (Paper II) 
The synthesis of an ADC typically yields an aqueous solution, whose makeup 
is meant to ensure minimal aggregation of the bioconjugate and enable its ly-
ophilization and eventual intravenous administration. Common buffer com-
ponents in the clinical context include pH-stabilizers such as phosphate, citrate 
or succinate and cryostabilizers such as trehalose, sucrose or dextrans.327 Even 
in preclinical research, where freeze-drying may not be required, the prepara-
tive chemist is likely to choose a storage buffer in which he or she expects the 
conjugate to be most stable, rather than one which most easily lends itself to 
analysis. 

Consequently, one of the first steps in the subsequent analytical workflow 
is to desalt a sample of the ADC solution to remove non-volatile components, 
which may interfere with MS-characterization. Due to the extreme sensitivity 
of mass spectrometers and scarcity of the analyte in early-stage ADC devel-
opment, an ideal desalting method should be applicable to double-digit mi-
crogram quantities of bioconjugate. In this and other regards, we have found 
the established buffer exchange methods to be lacking: Dialysis and spin-fil-
tration require substantial (>100µL) sample volumes to ensure high protein 
recovery and may lead to unwanted sample dilution. In our hands, membrane 
centrifugation has resulted in sporadic protein loss and affected the average 
DAR of ADC mixtures, presumably as a result of non-specific absorption of 
the analyte to the membrane and the preferential removal of more hydrophobic 
DAR species. Borrowing from proteomics research, we endeavored to apply 
non-functionalized, carboxylate coated magnetic beads (single pot, solid-
phase-enhanced sample preparation; SP3) to the desalting of antibodies and 
ADCs. 

In SP3, the non-specific binding of proteins to the paramagnetic, heteroge-
neous phase is thought to proceed through hydrophilic interactions, which are 
exacerbated with the help of organic co-solvents. Small molecules and inor-
ganic buffer salts are generally not retained and can be readily removed along 
with the supernatant. A variation in the pH is then subsequently used to elute 
the proteins.328–331 

ADC synthesis 
Commercially obtained trastuzumab (c=1mg/mL) was reduced by incubation 
with 2.5 mol. eq. of DTT in aqueous borate buffer (50mM, pH 8.0) for 30 
minutes at 37°C. The reaction mixture was desalted by membrane centrifuga-
tion, the reduced protein was dissolved in 25% aqueous acetonitrile 
(c=2mg/ml), 5 mol. eq. of vedotin in DMSO were added, and the reaction was 
allowed to proceed for 2 hours at 4°C. The reaction mixture was once again 
desalted and diluted with phosphate buffered saline (PBS, 10mM phosphate, 
pH 7.4) to yield a concentration of 1mg/mL. 
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Optimization of binding conditions 
A solution consisting of 25µg of trastuzumab in PBS (c=0.5mg/mL) was used 
to find the optimal set of conditions for the binding of the analyte to the solid 
phase. The latter was added to an Eppendorf tube containing a suspension of 
250 or 375µg of commercially obtained, non-coated magnetic beads (B/P ra-
tio=10:1 and 15:1, respectively), organic solvent was added, and the suspen-
sion was shaken for 10 minutes at room temperature. The relative amount of 
bound protein was then calculated based on the amount remaining in the su-
pernatant according to Bradford’s assay.298 

Table 6. Optimization of trastuzumab (mAb) and ADC binding to magnetic beads 

Entry B/P-ratioix Co-solventx 
% bound of initial…xi 

25μg mAb 50μg mAb 50μg ADC 

1 10:1 
EtOH 50% 

>84% >99% >99% 
2 15:1 >99% >99% >99% 
3 10:1 

EtOH 60% 
>86% >99% >99% 

4 15:1 >97% >99% >99% 
5 10:1 

EtOH 70% 
>85% >n.d.xii >n.d. xii 

6 15:1 >99% >n.d.xii >n.d. xii 
7 10:1 

MeCN 50% 
>96% >99% >99% 

8 15:1 >99% >99% >99% 
9 10:1 

MeCN 60% 
>n.d.xii >99% >99% 

10 15:1 >n.d.xii >99% >99% 
11 10:1 

MeCN 70% 
>92% >n.d.xii >n.d.xii 

12 15:1 >99% >n.d.xii >n.d.xii 

 
The use of ethanol as organic co-solvent gave near-quantitative binding of the 
protein to the beads only at a B/P-ratio of 15:1 (see Table 6, entries 2, 4 and 
6), while a B/P-ratio of 10:1 captured between 84% and 86% of analyte (en-
tries 1, 3 and 5). An increase in the percentage of ethanol had no meaningful 
effect in the range of 50% to 70% (v/v). An exchange of the organic co-solvent 
to acetonitrile yielded near-quantitative extraction of the protein from the su-
pernatant at 50% (v/v) both at B/P=10:1 (entry 7, 96% binding) and B/P=15:1 
(entry 8, quantitative). At 70% (v/v) and B/P=15:1, likewise, no meaningful 
amount of protein was detected in the supernatant and the same concentration 
and B/P=10:1, over 90% of protein was captured from the solution. The im-
proved effectiveness of acetonitrile compared to ethanol in this context can be 
rationalized based on the aprotic nature of the former. Pleasingly, an increase 

                               
ix aBead-to-protein ratio (w/w) 
x Concentrations (v/v) of organic solvents in the aqueous binding supernatant 
xi Percentage of the protein not found in the supernatant after phase separation. 25µg and 50µg 
refer to initially added amounts of analyte (c=0.5mg/mL and 1.0mg/mL, respectively). 
xii Not determined 
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in the protein concentration to 1mg/mL (50µg of trastuzumab) under other-
wise identical experimental parameters led to near-quantitative protein bind-
ing in all cases. Conditions reflective of entry 7 were deemed ideal in light of 
the minimum amount of both organic solvent and magnetic beads required and 
the near-quantitative protein binding observed at both assessed analyte con-
centrations. 

Optimization of elution conditions 
In the subsequent experiments, 500µg of beads loaded with 50µg of either 
mAb or ADC were used to optimize the conditions for analyte elution. The 
beads were suspended in elution buffer, and the reaction mixtures were shaken 
at room temperature for 30 minutes. As previously, the analyte concentration 
in the supernatant was then determined by Bradford’s assay. Only volatile, 
ESI-MS compatible buffers were assessed. 

Table 7. Optimization trastuzumab (mAb) and ADC elution from magnetic beads 

Entry 
 Eluent  % recoveryxiii of 

Modifier conc.xiv pH mAb ADC 

1 
NH4OAc 

30mM 7.0 06% 5% 
2 15mM 4.0 09% 6% 
3 30mM 4.0 09% 8% 
4 

AcOH 
0.5% 3.7 75% 28% 

5 1.0% 3.5 85% 42% 
6 2.5% 3.5 87% 85% 
7 

HCO2H 
0.5% 2.4 83% 63% 

8 1.0% 2.3 87% 71% 
9 2.5% 2.3 90% 90% 

 
Recoveries of either analyte were found to differ greatly depending on the 
composition and pH of the elution buffer (see Table 7). Using neutral ammo-
nium acetate buffer (entry 1), only 6% and 5% of mAb and ADC were eluted. 
Acidic buffers (pH 4.0) based on the same modifier improved recoveries only 
marginally (entries 2 and 3). Similarly acidic (pH 3.7), dilute (0.5%) acetic 
acid led to the substantially improved recovery of mAb (75%) but was much 
less suited to elute ADC (28%, entry 4). The stepwise increase in the concen-
tration of the modifier to 1% (entry 5) and 2.5% (entry 6) increased the effec-
tiveness of elution for mAb (85% and 87%, respectively) and to an even 
greater extent, the ADC (42% and 85%, respectively). The same trend was 
seen for formic acid, which yielded recoveries equal to or greater than acetic 

                               
xiii Percentage of the protein found in the supernatant after incubation relative to bound amount 
xiv Concentrations of organic modifier in the aqueous eluent, expressed either in terms of mo-
larity or v/v-percentages 
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acid at all three assessed concentrations: 83% and 63% for mAb and ADC at 
a concentration of 0.5%, respectively (entry 7), 87% and 71% at a concentra-
tion of 1% (entry 8) and 90% for both analytes at a concentration of 2.5% 
(entry 9). As a result of the excellent recovery they yielded, those conditions 
reflective of entry 9 were deemed to be ideal for elution of either a mAb or 
ADC. Further, the protein elution step could be accelerated by warming the 
reaction mixture. When heated to 50°C, protein recovery was found to be the 
same after 5 minutes as it had been after 30 minutes at room temperature. 

The dependence of protein recovery on the organic modifier and its con-
centration may have to do with their effect on the hydrophobicity of the eluent 
mixture. The influence of pH is easily rationalized based on its effect on the 
charge state of both the protein and the beads: Under the acidic conditions 
reflective of entries 4-9, protonation of the carboxylate-coated beads is pro-
nounced, substantially reducing their propensity to form ionic bonds with the 
cationic side chain residues of the analyte. On the other hand, the pH of the 
acidic eluents was also well below trastuzumab’s (and presumably the ADC’s) 
pI of approximately 8,332 ensuring that the protein was indeed predominantly 
cationic prior to dissociation from the solid phase. These rationalizations sug-
gest that, if adjusted accordingly, the protocol at hand may be applicable to 
the separation of proteins based on differing pIs. Potentially, it may even have 
utility for the crude separation of different DAR-species of an ADC so long 
as the degree of conjugation influences the protein’s pI.xv 

Method evaluation 
In order to ensure that the desalting workflow had indeed removed all non-
volatile buffer components, ICP-AES was used to quantify the residual 
amounts of phosphorous (in the form of phosphate), sodium and potassium. 
Relative to a non-desalted sample, the protocol at hand removed 93% and 95% 
of potassium and sodium, respectively. Only 91% of phosphorous was re-
moved, which may be at least partially attributable to protein phosphorylation 
rather than residual buffer salts. 

Lastly, we tested whether the application of the desalting protocol at hand 
had an impact on the average DAR of the ADC according to RPLC-MS. Non-
desalted ADC proved to have a DAR of 0.89, while if the protein was desalted 
and then reduced prior to analysis, the average DAR value appeared to have 
decreased to 0.76. If the ADC was reduced prior to desalting, the apparent 
average DAR was only 0.63 by RPLC-MS. It is possible that the lower aver-

                               
xv Two principal scenarios are imaginable in which bioconjugation effects pI: Ligation of a 
single, uncharged molecule to a lysine residue reduces the number of would-be cationic side 
chains by one. In cysteine-based bioconjugation, the pI of a conjugate is DAR-dependent, if the 
payload can be itself protonated or deprotonated while protein-bound. 
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age DAR-values are the more accurate, owing to the absence of ion suppres-
sion caused by the buffer, and that the discrepancies are of a purely analytical 
nature. It can, however, not be ruled out that the desalting step itself resulted 
in the selective removal of ADC relative to non-conjugated antibody. As men-
tioned previously, this is precisely one of the presumed mechanisms of analyte 
loss when desalting hydrophobic ADCs by any of the conventional means. 

In summary, the desalting protocol at hand is convenient, rapid, effective 
at removing non-volatile ions and applicable to exceedingly small sample vol-
umes, making it ideally suited for early-stage preclinical ADC research. As is 
true for other desalting methods, it is possible that the application of the pro-
cedure impacts the outcome of downstream DAR-analysis. As has been pre-
viously pointed out (see page 61), any MS-based method for DAR-determi-
nation should thus be combined with an orthogonal means of analysis reliant 
upon UV-spectroscopy, regardless of whether and how samples are desalted. 
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Azastatin (Paper III) 
In pursuit of Ehrlich’s vision of a magic bullet against cancer, we sought to 
develop a potent inhibitor of cell division whose lack of bystander killing 
would render it harmless once it had been released into systemic circulation 
after causing the apoptosis of its target cell. We chose to base our synthetic 
efforts on dolastatin 10 (see Scheme 3, 1), whose relative synthetic accessibil-
ity had made it possible to elucidate parts of its SAR via total synthesis in the 
past.216 

Design of the target molecule 
The first generation of dolastatin analogues was named auristatins (2-4), 
which encompass a C-terminal amine different from the dolaphenine (Doe) 
residue found in the natural predecessor. When clinical evidence suggested 
that dolastatin’s therapeutic index was too narrow to allow for its systemic use 
as a standalone chemotherapeutic (see page 28), the second generation of de-
rivatives were designed to serve as ADC payloads. The two most clinically 
relevant representatives of this class are monomethylauristatin E (MMAE, 5) 
and MMAF (6), which are featured in four marketed ADCs. The MMAs’ sec-
ondary N-methyl valine residue serves as the attachment point for the linker. 

The following considerations led to the design of the azastatin (7), the tar-
get molecule of this publication: First, a comparison of the GI50-values of au-
ristatin E and dolastatin 10 with their respective monomethylauristatins sug-
gested that an N-terminal dimethylamino residue enhances cytotoxicity.216 
Second, in addition to incorporating the corresponding Dov-residue into 
azastatin, we chose to place an additional amino-moiety at C4’ of the dolap-
roline residue, which would serve as an alternate position for linker attachment 
in lieu of a primary or secondary N-terminal amine.xvi Moreover, the primary 
amine would presumably decrease the payload’s propensity to cause by-
stander killing by virtue of its cationic nature under physiological conditions. 
Third, our design of the C-terminus is based on that of MMAF, which is the 
most bystander-friendly of its class: Under physiological conditions, the toxin 
exists predominantly as the C-terminal carboxylate, whose anionic character 
diminishes the payload’s membrane permeability.216 Fourth, in order to gen-
erate a molecule whose cytotoxicity can be assessed in a cell assay, we masked 
the C-terminal carboxylate as its corresponding methyl ester. The objective of 
the project was thus to infer azastatin’s inherent cytotoxicity upon internali-
zation in the target cell upon antibody-mediated delivery by assessing its me-
thyl ester’s apparent cytotoxicity as per the assay.  

                               
xvi As highlighted previously (see page 37), after the work outlined herein had begun, Pillow et 
al demonstrated that even a tertiary amine lends itself to linker attachment via the corresponding 
quaternary ammonium species.186 
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Figure 8. Top: Computationally generated structure of the complex of auristatin F (3) 
with tubulin based on co-crystal structure of auristatin PE (4) with the target. Arrow 
indicates methylene group whose derivatization was to yield azastatin. Bottom: Sche-
matic representation of the polar interactions according to the model above. 

 
In order to gain insight into the Dap residue’s SAR, we made use of Knossow 
and Gigant’s 2008 co-crystal structure of auristatin PE (4) and tubulin (PDB 
registry number: 3e22).333 The manual addition of a C-terminal carboxylate to 
the inhibitor followed by energy minimization revealed the presumable bind-
ing mode of auristatin F, which visually appeared to tolerate amino-substitu-
tion at the 4’-position of Dap (see Figure 8). 
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Synthesis 
The total synthesis of Cbz-protected azastatin methyl ester was accomplished 
in 22 steps (0.78% overall yield). Numerous strategies for the synthesis of key 
intermediate 9 were tested and some unsuccessful approaches are to be dis-
cussed here briefly. 

Borrowing from Shioiri’s 1993 total synthesis of dolastatin 10 (see Scheme 
3, 1),334 an Evans aldol approach starting from a series of protected hydroxy-
prolinals (10) was tested first (see Scheme 4).335 Fmoc-, Boc-, and Cbz-groups 
were tested for N-protection, TBS- and Bn-moieties served as alcohol protect-
ing groups. The carboxylic acid was then reduced to the corresponding pri-
mary alcohol using borane, followed by Parikh-Doering or IBX-oxidation to 
the aldehyde (10).336 While the latter reacted with N-propionyl oxazolidinone 
11 in the presence of dibutylboron triflate and triethylamine, complete con-
version was not observed in any case and yields toward the respective alcohols 
(13) were irreproducible. The diastereoselectivity of the reaction was limited, 
presumably owing to the variably extensive epimerization of the aldehyde. In 
light of these issues, the aldol approach was ultimately abandoned. 

 

An entirely original idea toward carboxylic acid 9b involved γ-lactam inter-
mediate 14 (see Scheme 5). The rationale behind this approach was to reap 
maximum benefit from the inherent chirality of the amino acid’s α-carbon, 
which was to become the tetramic acid’s bridgehead, and provide stereocon-

Scheme 4. Failed or not exhaustively pursued approaches toward acetoxydolaproline 
(9), part 1. Dashed arrows indicate unsuccessful reactions. Reagents and conditions: 
a. N-protection. b. O-protection. c. BH3-SMe2, THF. d. Pyr-SO3, NEt(iPr)2, DMSO 
or IBX, DMSO. e. 11, Bu2BOTf, NEt3, DCM. 
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trol in the reductive saturation of the adjacent enol-carbons. The diastereose-
lective reduction of tetramic acids has been accomplished in other contexts in 
the past.337–339 

 
Scheme 5. Failed or not exhaustively pursued approaches toward acetoxydolaproline 
(9), part 2. Dashed arrows indicate unsuccessful reactions. Reagents and conditions: 
a. N-protection. b. O-protection. c. p-O2N-C6H4-OH (pNP-OH), DCC, EtOAc. d. 
ethyl (2-carboxy)propionate, iPrMgBr, THF. e. i. TFA, DCM. ii. K2CO3, 
H2O/EtOH. f. NaBH4, MeOH. g. O-alkylation/acylation. h. aq. HCl, 0.1-4M. 

The synthesis of the bicycle was achieved by C2-elongation of N,O-protected 
hydroxyproline para-nitrophenylesters 15 to yield β-ketoesters 16, followed 
by acid mediated Boc-deprotection. The tetramic acids (14) spontaneously 
formed upon neutralization of the ammonium salts by intramolecular cycliza-
tion. In the case of hydroxyproline analogue 16a, the Boc-deprotection/neu-
tralization sequence led to the concomitant cleavage of the acetyl protecting 
group to give hydroxytetramic acid 14a. Under identical conditions, the ben-
zyl protecting group in 16b remained intact and the cyclization gave benzox-
ytetramic acid 14b. Reduction using sodium borohydride then furnished β-
hydroxylactams 17a and b, respectively. Analysis at this stage was compli-
cated by the analytes’ pronounced polarity, which prohibited chromatographic 
purification, especially in the case of glycol 17a. Attempts at the methylation 
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(17c) and benzoylation (17d) of 17b to facilitate its subsequent analysis 
and further synthetic derivatization failed, presumably due the sterically de-
manding nature of the newly furnished alcohol. The presumed stereoselectiv-
ity of the reduction was thus never established. The greatest limitation of the 
γ-lactam approach toward intermediate 9b, however, was intermediate 17’s 
resistance to hydrolysis. Weakly acidic conditions failed to cause a reaction, 
whereas harshly acidic conditions appeared to trigger the dehydration of the 
β-hydroxy lactam. Basic conditions were not assessed because they were 
deemed likely to cause epimerization of the lactam α-carbon. Due to these 
shortfalls, the approach was ultimately abandoned. 

Next, we tried an approach in which alkene 19 was to be transformed to β-
methoxyester 9c by the diastereoselective addition of methanol across the C-
C double bond (see Scheme 6). 

 
Scheme 6. Failed or not exhaustively pursued approaches toward acetoxydolaproline 
(9), part 3. Dashed arrows indicate reactions which were either unsuccessful or not 
attempted. Reagents and conditions: a. ethyl 2-(triphenylphosphoranylidene)propio-
nate, tBuOMe. b. Hg(OAc)2 or Hg(OTf)2, MeOH. c. NaBH3CN. 

Following a literature procedure, test substrate 21 was synthesized from com-
mercially obtained aldehyde 20 by means of a Wittig reaction, which pro-
ceeded with good geometric selectivity.340 Treatment of 21 with mercury(II) 
in methanol was then expected to give an electrophilic organomercurial (22), 
which we anticipated would rapidly react with methanol to afford 23 upon 
reductive cleavage of the remaining C-Hg bond. We were confident about the 
anticipated anti-Markovnikov regioselectivity of the alcoholysis owing to the 
electron withdrawing nature of the ethoxycarbonyl substituent. Both mercury 
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acetate and triflate were assessed but failed to afford any conversion, even in 
refluxing methanol. The alkene was thus deemed too electron poor to be a 
viable substrate for oxymercuration and the approach was abandoned without 
having been applied to acetoxy-analogue 19. 

Lastly, we were able to reproduce Hu’s 2017 diastereoselective Brown cro-
tonylation of Boc-prolinal 20 when investigating an analogous approach for 
the synthesis of acetoxy-analogue 24 (see Scheme 7). The reaction is featured 
in a total synthesis of dolastatin 10 (1),341 and borrows from an older, slightly 
lower yielding method.342 According to the latter synthesis, the stereochemical 
outcome of the crotonylation reaction was determined by base mediated cy-
clization to oxazolidinone 28, whose relative stereochemistry was readily ev-
ident by NMR spectroscopy. Previous attempts at an analogous cyclization 
toward an acetoxy-analogue of oxazolidinone 28 had been unsuccessful, 
which meant that another means of stereochemical assessment would have 
had to be found. In light of the moderately diastereoselective reaction we 
tested soon thereafter (see Scheme 8), we thus chose not to pursue the cro-
tonylation approach any further. According to the published syntheses, 
homoallylic alcohol 26 can be methylated and transformed into 27 by 
Ru(VIII)- or Os(VIII)-mediated oxidation of the terminal alkene.341,342 

 

 
Scheme 7. Failed or not exhaustively pursued approaches toward acetoxydolaproline 
(9), part 4. Dashed arrows indicate reactions which were either unsuccessful or not 
attempted. Reagents and conditions: a. nBu4NBr, DCM/H2O. b. NaH, MeI, DMF. 
c. RuO4, CCl4/MeCN/H2O or i. OsO4, NMO. ii. NaIO4, KMnO4.  d. NaH, THF. 
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After a series of unsuccessful approaches, it was another synthetic strategy 
via β-ketoester 16 which ultimately afforded 9c in a diastereoselective fashion 
(see Scheme 8). In the presence of manganese(II) chloride, reduction of inter-
mediate 16 with sodium borohydride proceeded with 9:1 syn-selectivity. The 
selectivity can be rationalized by application of the Cram chelate model, ac-
cording to which the preset chirality of the methyl-substituted α-carbon deter-
mined the orientation of the newly formed alcohol. Conversely, the two chiral 
centers in the pyrrolidine ring appeared to have little influence on the stereo-
chemical outcome of the reaction. An elegant improvement of the overall syn-
thesis would thus be achieved if it could be updated with an (R)-selective 
means to install the α-methyl group.xvii 

 

Scheme 8. The successful synthesis of key intermediate 9c, its late-stage modifica-
tion to dipeptide 30, and a rationalization of the syn-selectivity of the key reduction 
step. Reagents and conditions: a. Boc2O, NaOH, H2O/THF. b. Ac2O, Pyr, DCM. c. 
C6F5OH, DCC, EtOAc, 60% over three steps. d. ethyl (2-carboxy)propionate, 
iPrMgBr, THF, 72%. e. NaBH4, MnCl2, MeOH, 95% (9:9:1:1 mixture of diastere-
omers). f. flash chromatography on SiO2, 35% of (R,R)-9c. g. NaH, Me2SO4, 
THF/DMF, 80%. h. K2CO3, MeOH/H2O, 97%. i. DIAD, DPPA, PPh3, THF, 85%. j. 
H2, Pd/C, EtOAc. k. CbzCl, NEt3, DCM. l. LiOH, MeOH/H2O. m. H2N-Phe-OMe x 
HCl, HATU, NEt(iPr)2, DCM, 58% over four steps. n. DCM/TFA, quant.343 

                               
xvii A hypothetical sequence of events to this end would involve the deprotonation of 16a, fol-
lowed by diastereoselective re-protonation. In light of the existence of enantioselective proto-
nation methods,343 this approach appears to be realistic. 
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The secondary alcohol of 9c was methylated using sodium hydride and dime-
thylsulfate, the acetyl group was cleaved in aqueous, methanolic potassium 
carbonate, and its reaction with DPPA gave the corresponding azide via a 
Mitsunobu inversion. Hydrogenation to the amine and subsequent Cbz-pro-
tection yielded 29. Hydrolytic cleavage of the ethyl ester followed by amide 
coupling with L-phenylalanine methyl ester and Boc-deprotection gave target 
dipeptide 30. Overall, thirteen steps were required for its synthesis from hy-
droxyproline (12). 

The synthesis of the N-terminal tripeptide relied mainly on literature pro-
cedures. Dov (32) was synthesized from L-valine by reductive amination in 
methanolic formaldehyde (see Scheme 9). Cbz-Dil tert-butyl ester 36 was af-
forded as follows: C2 elongation of commercially obtained Cbz-isoleucine 
para-nitrophenyl ester 33 gave β-ketoester 34, which was reduced with mod-
erate diastereoselectivity using sodium borohydride in a mixture of DCM and 
isopropanol to afford 35. The addition of silica facilitated the workup and 
scale-up of the reaction. In our hands, this original set of conditions proved 
more reproducible than either of the previously published methods using 
methanol as a solvent or lithium borohydride as a reductant.344–346 The mixture 
of diastereomers was dimethylated using methyl triflate,345 and the two iso-
mers of 36 were easily separated by flash chromatography on silica. 

Palladium catalyzed transfer hydrogenation with cyclohexane was effec-
tive for the removal of the Cbz-group, whereupon 2-bromo-1-ethylpyridinium 
tetrafluoroborate (BEP) mediated amide coupling with Cbz-valine gave the 
corresponding dipeptide.347 The Cbz-group was removed by hydrogenation 
and diethylcyanophosphonate (DECP) was used to mediate an amide coupling 
with Dov (32).348 Finally, the C-terminal tert-butyl group was removed using 
trifluoroacetic acid to afford 37 in a total of nine steps. 

The DECP-mediated coupling of the N-terminal and C-terminal fragments 
proceeded smoothly to yield Cbz-azastatin methyl ester (38).349 Its Cbz-depro-
tection, however, proved non-trivial. Hydrogenation with palladium on carbon 
gave no conversion in ethyl acetate and only mono- and dimethylated amine 
in methanol. On a test scale, the Cbz-group was cleaved cleanly in ethanol, 
but upon scaleup, a 3:2 mixture of azastatin methyl ester (8) and its N-ethyl 
analogue (39) was obtained in 98% combined yield. Pleasingly, the homo-
logues could be separated by flash chromatography on silica in sufficient 
quantities to allow for their individual biological evaluation. 
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Scheme 9. Synthesis of azastatin methyl esters (8, 38, 39). Reagents and conditions: 
a. CH2O, H2, Pd/C, MeOH, 99%. b. AcOtBu, HN(iPr)2, nBuLi, THF, 84%. 
c. NaBH4, SiO2, DCM/iPrOH, 83% (~5:1 d.r.). d. MeOTf, LiHMDS, DMEU, THF, 
60%. e. i. cyclohexene, Pd/C, MeOH. ii. HCl, dioxane, 90%. f. Cbz-Val-OH, BEP, 
NEt(iPr)2, DCM, 85%. g. H2, Pd/C, MeOH. h. 32, DECP, NEt3, DCM, 54% over 
two steps. i. TFA/DCM, quant. j. 30, DECP, NEt3, DME, 75%. k. H2, Pd/C, EtOH, 
98% (3:2 mixture of 8 and 39). 

Biological evaluation 
Azastatin methyl ester (8), along with its Cbz-protected precursor (38) and N-
ethyl homologue (39), were tested in vitro and compared to MMAE (5), 
MMAF (6) and doxorubicin. Three fundamentally different cell lines were 
chosen to cover a broad range of hypothetical applications: HepG2 hepato-
blastoma cells, HCT116 colorectal carcinoma cells and RPMI8226 multiple 
myeloma cells. Concentrations ranging from 10pM to 100µM were applied 
and the fraction of surviving cells was determined by a fluorometric micro-
culture cytotoxicity assay (FMCA).350 The results were used to determine the 
IC50 values of each compound (see Table 8). 

All compounds were least active in HCT116 cells and all auristatins were 
similarly cytotoxic in HepG2 as they were in RPMI8226 cells. The differences 
between MMAE (5) and MMAF (6) were striking: The monocationic MMAE 
was two (HepG2 and HCT116) to three (RPMI8226) orders of magnitude 
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more apparently cytotoxic than the zwitterionic MMAF. These findings are in 
good agreement with previously published observations and have been ration-
alized based on MMAF’s much reduced permeabilityxviii as opposed to a mean-
ingfully different inhibition of tubulin polymerization once inside the cell.216 
In all cell lines but HepG2, MMAF appeared less cytotoxic than even doxo-
rubicin. 

Table 8. Cytotoxicity of azastatins and their physiological charge states compared to 
MMAE, MMAF and doxorubicin (DOX). aNumber of cationic (+) and anionic (-) 
centers under physiological conditions (pH 7.4). bMean IC50-values by cell line 
based on three independent experiments. Please refer to the original publication for 
95% confidence intervals. 

Compound 
 Chargesa  IC50 [nM]b  

+ - HepG2 HCT116 RPMI8226 

MMAE (5) 1 0 000.52 0006.5 000.47 
MMAF (6) 1 1 130 2700 200 
AzaOMe (8) 2 0 020.00  0170 009.8 
NCbzAzaOMe (38) 1 0 000.13 0003.0 000.15 
NEtAzaOMe (39) 2 0 011 0100 004.8 
DOX 1 0 440 0440 049 

 
Cbz-azastatin methyl ester (38), monocationic under physiological conditions, 
was two- to three-fold more cytotoxic in all cell lines than even MMAE. This 
observation supports the hypothesis that the N-terminal Dov residue increases 
potency and confirms that a nitrogen-bearing substituent at the 4-position of 
the dolaproline residue does not diminish it. The dicationic azastatin methyl 
ester (8) on the other hand was one to two orders of magnitude less cytotoxic 
in all cell lines, presumably due to its decreased ability to penetrate the target 
cell. In line with this rationalization, the marginally less hydrophilic N-ethyl 
azastatin methyl ester (39) was slightly (1.7- to 2.0-fold) more potent than its 
des-ethyl-congener (8). These findings appear to unanimously validate the 
considerations at the core of azastatin’s design (vide supra). 

While definitive proof of the concept will have to await its conjugation to 
an antibody and subsequent in vivo evaluation, azastatin stands to be ideally 
suited as a payload for Ehrlich’s magic bullet: Presumably as inherently cyto-
toxic as its Cbz-protected methyl ester, it would make for an ultrapotent in-
hibitor of cell division upon delivery to its target cell. Conversely, because it 
is supposedly substantially less membrane permeable and therefore less cyto-
toxic in systemic circulation than a conventional MMA, we expect it to be 
harmless upon leaking from its now apoptotic host.  

                               
xviii According to the terminology introduced herein (see page 64), MMAF is therefore less 
apparently cytotoxic but not less inherently potent. 
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Solid-Phase Linker Synthesis (unpublished) 
In order to increase the selectivity of an ADC beyond that of the antibody, 
they often encompass peptidic linkers, which are substrates of proteases over-
expressed by cancer cells (see pages 45-48). Linkers of this type have become 
the norm in clinical ADC-research and are no longer featured only in auri-
statin- (e.g. brentuximab vedotin) but also camptothecin- (e.g. trastuzumab 
deruxtecan) and pyrrolobenzodiazepine- (e.g. loncastuximab tesirine) derived 
ADCs. The core fragment of the linkers usually consists of a dipeptide (e.g. 
valinyl-citrullinyl, phenylalaninyl-glycinyl, valinyl-alaninyl), which is 
cleaved selectively by a peptidase overexpressed in the target cell population, 
thereby initiating a cascade resulting in the “traceless” release of the amine- 
or alcohol-bearing payload.  

Established syntheses of payload-linker reagents such as vedotin (42, see 
Scheme 10) suffer from several drawbacks. As is frequently the case in peptide 
synthesis,351 most intermediates do not lend themselves to purification by flash 
chromatography and instead necessitate reverse phase chromatography, which 
brings about scalability issues. The penultimate carbonate and final carbamate 
formation are low yielding, in part because of purification issues associated 
with the susceptibility of the maleimide for nucleophilic attack. In our hands, 
attempts at the optimization of this synthesis in solution have only been mod-
erately successful.  

 

 
Scheme 10. Established synthesis of vedotin (42).352 A slightly improved method for 
the synthesis of benzyl alcohol 41 has since been published, but crucially, the subse-
quent steps do not allow for the formation of the final carbamate from a secondary 
amine such as MMAE (5).353 Abbreviations: Mc = maleimidocaproic acid, Val = va-
line, Cit = citrulline, PAB = para-aminobenzyl alcohol, MMAE = monomethylauri-
statin E. Reagents and conditions: a. H2N-Cit-CO2H, NaHCO3, DME/THF/H2O. b. 
H2N-PAB-OH, EEDQ, DCM/MeOH. c. Et2NH, DMF. d. Mc NHS-ester. e. (pNP-
O)2CO, NEt(iPr)2, DMF. f. MMAE (5), HOBt, Pyr, DMF.  
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The rationale for the research outlined in this section was to facilitate the syn-
thesis of linker-payload reagents such as vedotin (42) by means of solid-phase 
chemistry. In an effort to mimic the chemical make-up of an antibody, a stand-
ard solid-phase resin was modified to contain thiol-residues, which served as 
the anchor-point upon which the linker-payload was constructed. Upon sub-
strate cleavage, only a single purification step would be required. 

Development of cleavage conditions 
Because to our knowledge, preparative solid-phase chemistry based on thio-
ether attachment of the substrate to the polymer was unprecedented, a means 
of cleavage of the sulfide was required. On the basis of work published by 
Fishkin and coworkers,262 who observed the decomposition of ADCs in oxi-
dizing aqueous media and attributed this behavior to the formation of a labile 
sulfone, we synthesized 45 as a model substrate (see Scheme 11). Starting 
from maleimidocaproic acid (43), the corresponding thioether (44) was syn-
thesized by Michael addition of benzyl mercaptan and the sulfur atom was 
subsequently oxidized with meta-chloroperbenzoic acid. 

 

 
Scheme 11. Synthesis of benzyl-sulfone model compound 38 and optimization of 
retro-Michael addition. Top: Overall synthetic scheme. Bottom: by-products of the 
cleavage reaction. Reagents and conditions: a. BnSH, NEt3, THF. b. mCPBA, DCM. 
c. NEt(iPr)2, iPrOH/HFIP, 60°C. 

A wide range of conditions were assessed to facilitate the cleavage of sulfone 
45 to yield maleimide 43. Initial experiments revealed that the elimination 
could be mediated by an excess amount of base. Pyridine caused no reaction, 
presumably due to an insufficient degree of basicity, and strong bases, such as 
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) or potassium tert-butoxide caused 
non-specific decomposition of the starting material. Amines were found to 
work best and, because of its minimal nucleophilicity, diisopropylethylamine 
(DIPEA) appeared most promising. 
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While in most solvents the reaction was impractically slow, alcoholic sol-
vents significantly increased the reaction rate. Due to the maleimide’s inherent 
electrophilicity, however, the use of nucleophilic solvents had to be avoided 
because of their propensity to react with 43. Isopropanol provided a good com-
promise between a fast cleavage rate and product stability. The addition of 
hexafluoroisopropanol (HFIP) as a cosolvent accelerated the reaction further, 
while only affecting product stability to a minor extent. When the solvent mix-
ture consisted of 25% HFIP, for instance, only a negligible (<5%) amount of 
hexafluoroisopropylether 46 had formed after one hour, while the reaction rate 
increased more than tenfold. 

Based on the findings outlined above, a solvent mixture consisting of 
iPrOH and HFIP (3:1 v/v) was chosen as the ideal reaction medium. Sulfone 
45 was suspended in the alcoholic mixture and three molar equivalents of DI-
PEA were added, whereupon the resulting solution was heated to 60°C. A 
brief investigation of the reaction kinetics by HPLC-MS showed that already 
after five minutes, 35% of product had formed. The product concentration 
peaked at 43% after 30 minutes, at which point a substantial portion of a side-
product appeared to have formed. The latter was presumably sulfinate 47. The 
undesired, subsequent Michael addition led to a gradual decrease in the ob-
served concentration of product: After 140 minutes, only 34% of product re-
mained, although 58% of the starting material had been consumed. Based on 
the solution phase experiments, we predicted that a series of three to five iter-
ations of the cleavage reaction for ten minutes each would give satisfactory 
yields of maleimide when applied to the solid-phase scenario. 

Peptide synthesis 
While the optimization of the cleavage conditions was ongoing, the solid-
phase synthesis of carbamate 52 as a non-toxic stand-in for vedotin (42) was 
explored (see Scheme 12). Starting from commercially obtained Merrifield 
resin (48), the benzylic chloride residue was transformed to the corresponding 
thioacetate by nucleophilic substitution and the ester was reduced with lithium 
borohydride to yield thiol-modified resin 49.354 At this stage, Ellman’s method 
for the quantification of thiols was applied to determine the degree of loading 
but yielded irreproducible results.355 The sulfur content of the polymer was 
instead measured by ICP-AES to reveal that conversion of the starting mate-
rial to the thiol-modified resin was almost quantitative. From this step for-
ward, intermediates were cleaved from the resin and the supernatant was ana-
lyzed by HPLC-MS to ascertain the successful outcome of each reaction. 

Maleimidocaproic acid was attached in a fashion reflective of the synthesis 
of benzyl-thioether 44, followed by HATU-mediated amide-coupling of L-
valine tert-butyl ester.356 The protecting group was removed by addition of 
trifluoroacetic acid to yield 50 and N-citrullinyl-para-aminobenzylalcohol 
was coupled to the newly formed carboxylic acid to furnish 51. The benzylic 
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alcohol was carbonylated by N,N’-disuccinimidyl carbonate (DSC), and the 
unsymmetrical carbonate was quenched by the addition of an excess amount 
of N-methylbenzylamine. Cleavage from the polymer yielded 52, whose iden-
tity was confirmed by LC-MS (see page 101). 

 

 
Scheme 12. Solid-phase synthesis of the exemplary peptide construct 52 from com-
mercially obtained Merrifield resin. Reagents and conditions: a. KSCOCH3, DMF. 
b. LiBH4, THF, quantitative conversion over two steps. c. Mc, NEt3, THF. d. Val-
OtBu, HATU, 2,4,6-collidine, NMP. e. DCM/TFA. f. H2N-Cit-PAB-OH, HATU, 
2,4,6-collidine, NMP. g. DSC, THF. h. MeBnNH, NEt3, THF. i. mCPBA, DCM. j. 
NEt(iPr)2, iPrOH/HFIP, 3.2% yield of 52 relative to MeBnNH. 

While the reaction and purification were successful and proved the viability 
of the synthetic route, the yield of 52 was underwhelming (3.2% from N-
methylbenzylamine). Given the relative purity of the crude reaction mixture 
upon cleavage, this issue likely stemmed from the inefficiency of the cleavage 
reaction itself: A substantial portion of both the product and unreacted starting 
material were still immobilized on the resin. Consequently, the repeated ap-
plication of the cleavage conditions failed to detach meaningful amounts of 
additional peptide. 

Discrepancies between solution and solid phase 
Although the formation of small amounts of sulfinate 47 was not cause for 
great concern in solution-phase experiments, it may offer an explanation for 
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the poor cleavage yields observed when the sulfone starting material was in-
stead resin-bound. Likewise, it explains why repeated applications of the 
cleavage conditions did not yield additional product in the supernatant: We 
imagine a pseudo-intramolecular mechanism, wherein the diffusion of cleaved 
maleimide from the resin-bound sulfinate is slower than the subsequent Mi-
chael-addition toward 47. According to this rationalization, the bulk of the 
product is ultimately re-conjugated to the resin in sufinate-form, while only a 
minor portion is observed in the supernatant. The sulfinate isomer is then re-
sistant to the analogous E1cB reaction its sulfone isomer presumably under-
goes when releasing the maleimide. 

When a 3:1-mixture of DCM and MeOH was used as the reaction solvent, 
the cleavage gave a similarly poor yield of 52 (2.8%). The discrepancy be-
tween solution and solid phase experiments is likely exacerbated by the poor 
swelling of the polymer in alcoholic solvents due to their protic nature.357 Be-
cause only alcoholic solvents had been found to yield meaningful reaction 
rates in the original solution phase experiments, solvent exchange beyond al-
cohols was unfortunately not an option. 

The addition of an excess amount of competing Michael acceptors, i.e. N-
ethylmaleimide, 2-bromo-1-ethylpyridinium tetrafluoroborate (BEP) and N-
ethyl bromomaleimide, showed some promising results in solution-phase ex-
periments but did not translate into improved cleavage yields in solid-phase 
experiments. In a final experiment, five molar equivalents of tri-
phenylphosphine were added as a competing nucleophile to see whether the 
maleimide could be captured in solution in the form of its corresponding phos-
phonium ylide,358 but to no avail. 

The disappointing outcome of the project is the result of both the nontrans-
parent nature of solid phase chemistry and the exceptional electrophilicity of 
maleimides. An alternative procedure in the absence of nucleophilic reagents 
and solvents could have been based on Diels-Alder chemistry, but the high 
temperature typically required to affect a Retro-Diels-Alder reaction discour-
aged us from experimentation.xix  

Nevertheless, the ubiquity of maleimides in bioconjugation warranted fur-
ther exploration as synthetic handles. A publication by Kalia et al showed that 
maleimide derived phosphonium ylides undergo Wittig reactions with alde-
hydes,358 and we decided to explore the applicability of the methodology for 
bioconjugation. While the authors of the original paper also published on the 
matter before our work was ready for submission,283 our procedure has bene-
fits in its own right (see pages 85-93). 
  

                               
xix The Diels-Alder reaction between a maleimide and furan, which proceeded at room temper-
ature in solution, near-quantitatively yielded a “protected” maleimide on route to maleimide 
53c (see Paper IV, SI). The ultimate “deprotection” by means of a retro-Diels-Alder reaction 
was achieved in refluxing toluene (120°C) in moderate yield. Analogous conditions would cer-
tainly dissolve if not decompose all common solid-phase resins. 
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Bioconjugation (Paper IV) 
Despite decades of progress in bioconjugate chemistry, maleimides remain by 
far the most common electrophilic handles for protein attachment (see pages 
45-48, 49-51, 54-55). That is surprising because maleimidothioethers are not 
especially stable in vivo.262 Their attractiveness primarily stems from the fact 
that among the many nucleophilic moieties present on the solvent accessible 
surface of a protein, they react selectively and rapidly with thiols.271 The cor-
responding amino acid (i.e. cysteine) is relatively rare, which yields some de-
gree of regioselectivity in the bioconjugation reaction. Numerous other thiol-
selective electrophiles for bioconjugation have been developed (see page 50), 
which yield conjugates with superior stability and yet, to the best of our 
knowledge, none of these novel conjugates have made their way into clinical 
development. We suspect that maleimides owe much of their continued pop-
ularity in contemporary bioconjugate research to their commercial availabil-
ity, while the installation of an alternative, sometimes patent-protected elec-
trophilic handle generally requires a completely revised synthesis of the pay-
load-linker reagent. Although lysine-based bioconjugates (see pages 49-51) 
exceed thioethers with regard to stability and are accessible from non-patented 
electrophilic handles, their synthesis generates greater regiochemical hetero-
geneity. Bioconjugation via serine and selenocysteine (see page 50) are rela-
tively new concepts and have yet to prove their clinical worth. 

Protein N-termini and side-chains can be modified to contain aldehyde res-
idues, whose exceptional electrophilicity and absence from the natural prote-
ome makes them sought-after functional groups for bioconjugation.359 A vari-
ety of methods for aldehyde installation exist and only a selection shall be 
named here: The oxidation of an N-terminal glycine residue with pyridoxal 
phosphate (PLP) or one of its synthetic analogues yields glyoxylamides.279,360 
The latter are also accessible by Malaprade oxidation of N-terminal serine or 
threonine, yielding a single equivalent of formaldehyde or acetaldehyde as a 
by-product.359 Tubulin tyrosine ligase (TLL), which recognizes the fourteen 
amino acid sequence naturally found in tubulin, can be used for the N-terminal 
incorporation of 3-formyltyrosine.361 Other enzymatic methods for aldehyde 
installation make use of formylglycine generating enzyme (FGE), which oxi-
dizes cysteine residues within a six amino acid consensus sequence,280 or pro-
tein-farnesyl transferase (PFTase), which can alkylate cysteine thiols with far-
nesyl-aldehydes.362–364 
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A plethora of methods for the chemoselective bioconjugation via these alde-
hyde tags exist (see Scheme 13). The condensation with a hydrazine, hydrazide 
or alkoxyamine can be catalyzed with aniline365 and yields a hydrazone, acyl-
hydrazone,281,284,364 or oxime ether,360,366 respectively, and is the most popular 
reversible method for aldehyde modification.359 A variety of nucleophiles and 
proto-nucleophiles including TMS-enol ethers (Mukaiyama aldol reaction),284 
thiazolidinediones,367 and nitroalkanes (Henry reaction)286 have been success-
fully conjugated to protein-bound aldehydes via aldol-related chemistry. 3-(β-
aminoethyl)indoles (i.e. tryptamines) undergo Pictet-Spengler reactions with 
protein-bound aldehydes368 and more recently, 2-substituted indoles encom-
passing hydrazine369 and methoxyamine handles370 have been shown to lend 
themselves to analogous chemistry. N-methylhydroxylamines condensexx with 
peptide-bound aldehydes to form nitrones, which in turn can be exploited to 
achieve the [2+3]-cycloaddition with strained alkynes.371 Allylindium rea-
gents formed in situ from the corresponding bromides add across the aldehyde 
carbonyl group to yield allylic alcohols and likewise lend themselves to bio-
conjugation.372 In 2012, Ye and coworkers showed that triphenylphosphonium 
ylides react with aldehyde-tagged proteins in aqueous tert-butanol to yield al-
kenes in high yields.282 Kalia et al demonstrated the applicability of Wittig 
chemistry to maleimide-derived triphenylphosphonium ylides in 2016,358 and 
extended the methodology to accommodate aldehyde-tagged proteins in 
2019.283 

Methodological rationale 
Just as innovative electrophiles as alternatives for maleimides in cysteine-
based bioconjugation have yet to establish themselves widely, the great po-
tential of aldehyde-based bioconjugation methods remains almost unexploited 
in the ADC context: To the best of our knowledge, only one such conjugate 
has reached clinical development.xxi While the IP landscape appears to be 
somewhat more permissive in this arena compared to that surrounding novel 
cysteine-reactive electrophiles, the lack of commercially available linker-pay-
load reagents with aldehyde-reactive bioconjugation handles may have hin-
dered progress on aldehyde-linked ADCs all the same. That is why Kalia’s 
Wittig methodology stands out from all others outlined in Scheme 13. By virtue 
of its use of maleimides as reactive precursors, it can presumably be applied 
to the existing repertoire of cysteine-reactive payload linker reagents. The al-

                               
xx Presumably by virtue of nucleophilic catalysis of the condensation toward the nitrone inter-
mediate, para-methoxyaniline has proven to accelerate this chemistry just as other anilines do 
in conventional hydrazone- and oxime ether-yielding ligations.371 
xxi Catalent’s TRPH-222 consists of a maytansinoid linked to an anti-CD22 Ig by means of a 
hydrazino iso-Pictet-Spengler reaction. The aldehyde is incorporated into the protein side-chain 
using formylglycine generating enzyme.265 
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kenes it yields are not hampered by the same stability issues maleimido-thi-
oethers face in vivo. Moreover, their electron poor nature makes them excel-
lent substrates for the subsequent derivatization with thiols after the conjuga-
tion to the protein has been achieved.283 Nevertheless, the requirement for stoi-
chiometric amounts of triphenylphosphine makes the method ill-suited in a 
therapeutic context due to its neurotoxic nature.373 Lastly, hydrophobicity has 
often impeded bioconjugations in our own hands, which effectively disquali-
fies triphenylphosphoranes from practical consideration. 

Our efforts focused instead on the use of tris(2-carboxyethyl)phosphine 
(TCEP), a water-soluble, non-toxic,374 commercially available reagent fre-
quently employed in biochemistry as a reducing agent.375 At the outset of our 
study, TCEP had been identified as a confounder in maleimide bioconjugation 
chemistry,376,377 but its synthetic potential in this arena remained entirely un-
explored.xxii 

Method development 
Initial experiments aimed at the synthesis of TCEP-derived phosphonium 
ylides involved N-benzyl maleimide 53a (see Scheme 14). Dilution of a 
DMSO-solution of the electrophile with one equivalent of a solution of TCEP 
hydrochloride in phosphate buffered saline (PBS, pH 7.4) resulted in the slow 
formation of an adduct according to HPLC-MS. The addition of a catalytic 
amount of triethylamine (0.1 mol. eq.) accelerated the reaction, rendering it 
complete within minutes. Presumably because of the reversibility of its for-
mation, the supposed phosphonium ylide evaded isolation, however, and its 
identity was instead determined based on a freshly made, crude reaction mix-
ture. The NMR spectroscopic data best matched the electronic structure of a 
1,4-betaine (54a). When the Michael addition was instead carried out in PBS 
made from heavy water, incorporation of a single deuterium atom was ob-
served by HRMS, further cementing the hypothesis that a spontaneous tau-
tomerization had taken place. The mechanistic rationale outlined in Scheme 
14 is in line with Kalia and coworkers’ rationalization of an analogous reaction 
involving triphenylphosphine.358 

In order to assess the applicability of TCE-phosphonium ylides in the con-
text of bioconjugation, we synthesized peptide-derived, masked aldehyde 56 
as a test substrate. Its reaction with four different ylides in 10% aqueous 
DMSO was investigated, and in each case, three molar equivalents of the latter 
were incubated with the glyoxylamide at 37°C. 62-99% conversion toward 
alkenes 58a-c was observed within 22-24h, respectively. When SMCC (53d) 

                               
xxii In fact, at the outset of our study, the use of maleimide-derived phosphonium ylides for 
bioconjugation remained unexplored altogether as our idea preceded Kalia and coworkers’ 
2019 publication. 
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served as the starting material, the formation of the corresponding phospho-
nium ylide (54d) proceeded smoothly without affecting the integrity of the 
distal NHS-ester. The subsequent Wittig reaction yielded a mixture of alkenes 
58d and 58e (33% and 13% conversion within 24h, respectively). The carbox-
ylate presumably forms upon spontaneous hydrolysis of the NHS-ester in the 
aqueous reaction medium. No substrate-dependent trends with regard to the 
conversions toward alkenes 58 were evident. 

 

 
Scheme 14. Top: Proposed mechanism of the formation of maleimide derived TCE-
phosphonium ylides and selected spectroscopic data in support of 54a’s tautomeric 
identity. Bottom: Synthesis of test substrate 56 and its reaction with ylides 54 toward 
alkenes 58. Reagents and conditions: a. H2N-Phe-OMe x HCl, HATU, NEt(iPr)2, 
DCM, 71%. b. HCl, dioxane, 83%. c. i. NaIO4, aq. PBS (pH 7.4), ii. SPE with MeOH, 
93%. d. Crude 54 (3 mol. eq., c = 6mM), aq. PBS (pH 7.4)/DMSO (10% v/v), 37°C, 
conversions toward 58 according to HPLC (λ=254nm): 58a (62%, 23h), 58b (78%, 
24h), 58c (99%, 22h), 58d and 58e (33% and 13% from 53d, respectively, 24h). 
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In all cases, the Wittig reaction yielded a mixture of both geometric alkene 
isomers although their respective ratios varied. Surprisingly, the isomeric ratio 
was also solvent dependent: Extraction of the product into chloroform or pu-
rification by preparative HPLC followed by redissolution in acetone-d6 for the 
purpose of characterization yielded a single isomer in all cases. These findings 
suggest an unusually low energetic barrier for rotation around the C-C-double 
bond, possibly because of the electron-poor nature of the corresponding over-
lapping p-orbitals. No attempt at the identification of the prominent isomer 
was made,xxiii but considering its enhanced prevalence in relatively apolar sol-
vents and presumable thermodynamic favorability, it appears likely to be the 
E-alkene. Albeit intriguing, the geometric selectivity of the Wittig reaction 
and thermodynamics of the isomerization bear no relevance with regard to the 
utility of the method for bioconjugation. 
  

                               
xxiii The compounds could presumably be distinguished with the help of Nuclear Overhauser 
Spectroscopy (NOESY) provided an NMR-applicable solvent could be found in which an ap-
preciable amount of both isomers forms. In D2O, unfortunately, slow H/D-exchange of the al-
kene proton is observed, which is a remarkable finding in its own right. 
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Bioconjugation 
Next, the methodology was applied to two proteins (see Scheme 15): The N-
terminal glycine residue of commercially obtained equine heart myoglobin 
(Mb, 59) was oxidized with pyridoxal phosphate (PLP) to afford the corre-
sponding aldehyde (Mb-CHO, 60). Albumin binding domain-derived affinity 
protein 6 (ADAPT, 66), a scaffold protein which selectively binds HER2,378 
was engineered to contain an N-terminal serine residue and expressed in E. 
coli. Its Malaprade oxidation likewise yielded a glyoxylamide (ADAPT-CHO, 
67). Both protein aldehydes were then treated with 100 mol. eq. of freshly 
made, crude TCE-phosphonium ylides (54) in a manner reflective of the small 
molecule test reactions (vide supra). After 24 hours of incubation at 37°C, the 
reaction mixtures were frozen and thawed only immediately prior to analysis 
by HPLC-MS. Conversions to the respective alkenes (61-65 and 68-71, re-
spectively) were calculated based on their AUCs in the deconvoluted mass 
spectra relative to residual starting material (Mb-CHO, 60 and ADAPT-CHO, 
67, respectively). 

Conversions toward the ADAPT-conjugates were excellent: In the case of 
N-benzyl (68) and N-caproyl (69) maleimide derived alkenes, only trace 
amounts of residual aldehyde remained after 24 hours, indicating conversions 
of 97% and 98%, respectively. Analysis of the reaction mixture toward N-
(2,3-dihydroxy)propyl maleimide (70) showed no remaining starting material. 
The same was true for the reaction in which SMCC-derivatized doxorubicin 
(53h) was linked to ADAPT to yield alkene 71, which simultaneously marks 
the first reported instance of the use of Wittig bioconjugate chemistry involv-
ing a cytotoxin. On one hand, this finding demonstrated the applicability of 
the novel bioconjugation protocol to potentially any amine, which can be deri-
vatized with SMCC, amounting to an enormous substrate scope. On the other 
hand, it proved the method’s utility in a therapeutic context, which in our view, 
any reaction involving a triphenylphosphorane lacks (vide supra). 
 

 
Scheme 15. (Next page) Top: Synthesis of three maleimides from commercially ob-
tained SMCC (53d). 53g and 53f were not purified prior to ylide formation and bio-
conjugation. Bottom: Bioconjugation of TCE-phosphonium ylides (54) with horse 
heart myoglobin (Mb) and ABD-derived affinity protein 6 (ADAPT) derived alde-
hydes (60, 67, respectively). Reagents and conditions: a. amino acid, NEt3, aq. Na-
HCO3 (pH 8.3)/DMSO (18% v/v). b. doxorubicin x HCl, NEt(iPr)2, DMF, 61%. c. 
PLP, aq. PBS (pH 6.5), quantitative recovery, ~2/3 of protein oxidized. d. NaIO4, aq. 
PBS (pH 7.4). e. Crude 54 (100 mol. eq., c = 3mM), aq. PBS (pH 7.4)/DMSO (10% 
v/v), 37°C, conversions toward alkenes relative to remaining protein aldehydes (60, 
67, respectively) after 24h at 37°C according to MS: 61 (91%), 62 (63% + 28% TCEP-
adduct), 63 (88% + 11% TCEP-adduct), 64 (0% + 50% TCEP-adduct), 65 (0% + 53% 
TCEP-adduct), 68 (97%), 69 (98%), 70 (> 99%), 71 (>99%). 
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Within the same 24-hour period, conversions toward myoglobin-derived con-
jugates were generally somewhat lower. HPLC-MS showed 91% conversion 
toward N-benzyl maleimidoalkene 61. In the case of the reaction toward N-
caproyl conjugate 62, deconvolution of the TIC yielded two prominent 
masses, indicating the formation of both the alkene (conversion: 63%) and a 
supposed TCEP-adduct (28%). In principle, the addition of the phosphine 
across the demonstrably (vide supra) highly electrophilic C-C double bond is 
not a surprising finding.xxiv It was unexpected only because it had not been 
observed for any of the conjugates discussed thus far. Hypothesizing that the 
presence of free phosphine in the reaction medium was a result of the revers-
ibility of ylide formation, we repeated the bioconjugation reaction, this time 
lowering the excess of crude phosphonium ylide. When Mb-CHO (60) was 
incubated with only 40 molar equivalents of the N-maleimidocaproic acid de-
rived phosphonium ylide,xxv the conversion toward 62 was 71% after 24 hours, 
whereas only 17% of the respective TCEP-adduct had formed during the same 
amount of time. While the degree of adduct formation thus appears to be 
somewhat controllable, it may not be entirely avoidable, either. From a thera-
peutic point-of-view, the supposedly more polar TCEP-adduct may in fact be 
preferable to the respective alkene. The bioconjugation of N-(2,3-dihy-
droxy)propyl maleimide derived ylide to myoglobin resulted in a conversion 
of 88% toward alkene 63 and 11% toward the respective TCEP addition prod-
uct. 

Lastly, in an effort to simulate a scenario in which the heterodimerization 
of two proteins is to be accomplished, we synthesized SMCC-derivatives 53f 
and 53g from the respective amino acids. The former was to serve as a stand-
in for the N-terminus of a given peptide, whereas in the latter case, a side-
chain amine served as the site of derivatization. We reasoned that if this meth-
odology was to realistically reflect the workflow of a biochemist in pursuit of 
a protein heterodimer, it should be accomplishable in a one-pot fashion with 
no intermittent purification. Accordingly, crude 53f and 53g were transformed 
into the respective TCE-phosphonium ylides in a telescoped fashion, followed 
by their direct bioconjugation to protein aldehyde 60. No amount of either 
alkene (64 and 65, respectively) was detectable, but HPLC-MS indicated con-
versions of 50% and 53% toward the respective TCEP-adducts. The exclusive 
formation of the phosphine addition products may itself be linked to the tele-
scoped nature of the synthesis because the formation of neither 53f nor 53g 
was quantitative. The subsequent addition of one mol. eq. of phosphine rela-
tive to the amount of starting material would thus have amounted to an excess, 

                               
xxiv Indeed, Kalia et al reported the deliberate derivatization of analogous alkenes with thiols 
post-conjugation.283 
xxv 20 mol. eq. of ylide were added at the onset of the reaction, and another 20 mol. eq. were 
added after six hours of incubation. The total reaction time of 24 hours was not altered. 
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which in turn may have rapidly added across the C-C double bond upon com-
pletion of the Wittig reaction. It follows that, if a presumably more hydrophilic 
phosphonium-bioconjugate is desired in a therapeutic context, it may be suf-
ficient from a synthetic point-of-view to form the phosphonium ylide in the 
presence of a stoichiometric excess of TCEP. These results indicate that pleas-
ingly, the methodology outlined herein may indeed be applicable to protein 
dimerization, albeit in moderate yield. 
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Concluding Remarks 

This thesis provides a brief account of the progress made in the treatment of 
cancer by chemical means and emphasis is given to the therapeutic relevance 
of the compounds and methods featured. One may instead portray antibody-
drug conjugates in a functional context, exchanging the oncologist’s point-of-
view for that of a chemical biologist. To that end, ADCs are related to small 
targeted cytotoxins315 as much as molecular glues.379xxvi Abiding by the para-
digm of orthogonality at the core of these new chemical modalities, they all 
represent an amalgamation of two structural motifs, of which one confers se-
lectivity and the other accounts for biological activity. Functionally, it is of 
secondary importance whether either of these motifs are biopolymers. 

However, as we have discussed in detail (see pages 49-51, 54-55), the abun-
dance of reactive functional groups on the surface of proteins implies that the 
successful characterization of a bioconjugation reaction yields a complex set 
of analytical metrics. Our analytical work both critically evaluates (Paper I) 
and expands (Paper II) the tools available for their assessment, facilitating 
the future synthesis of protein-bioconjugates. Our synthetic efforts yielded 
azastatin (Paper III). Its bystander-friendly nature stands in stark contrast to 
other compounds of its class, whose membrane permeability undermines the 
selectivity of the orthogonal motif to which they are conjugated. Lastly, we 
were able to contribute to the ever-growing arsenal of bioconjugation tech-
niques (Paper IV), all of which are not only synthetically useful, but may also 
serve as tools for the study of intracellular processes. 

Time will tell how cancer and other diseases will be treated in the future. 
The only certainty is that biology will have elucidated the underlying cellular 
mechanisms and it will have been up to chemistry to achieve the required 
modulation. Now that molecular size and complexity represent ever-smaller 
obstacles toward the study and therapy of disease, molecular functionality is 
poised to step into the limelight.380–382  

                               
xxvi Perhaps the most well-known type of molecular glue is the PROTAC. It may be worth 
mentioning that several authors have recently directed their attention to antibody-PROTAC 
conjugates380,381 and small targeted PROTACs.382 
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Popular Scientific Summary 

If you have ever come across a chemistry article in a popular science maga-
zine, there is a good chance it was about a newly discovered compound with 
the ability to kill cancer cells. While that may sound like a breakthrough rev-
elation, it is usually not nearly as remarkable as it sounds: After all, the same 
can be said about a handgun. The tricky thing to get right in chemotherapy is 
to kill only cancer cells and not all the other innocent ones that make up a 
human body. Paul Ehrlich, the father of chemotherapy, envisioned chemical 
compounds capable of distinguishing between healthy and diseased cells and 
named them magic bullets. 

A simplistic solution to the challenge of making a magic bullet is to design 
chemical agents which can only enter cancer cells and not healthy ones. That 
is the fundamental principle of an antibody-drug conjugate (ADC): A cyto-
toxic chemical compound is coupled to carriers, so called antibodies, which 
selectively deliver the toxin to cancer cells. The conjugate is internalized and 
digested by the tumor at which point the toxin does its job and causes cell 
death. An ideal toxin is then unable to enter another (potentially innocent) 
adjacent cell and leaves the body without doing any more harm. 

The core of this thesis deals with the design and synthesis of novel cyto-
toxins tailored to kill the cells to which they are delivered but remain harmless 
to those in close proximity. It also features original research pertaining to the 
conjugation of such payloads to biological carriers (bioconjugation) and 
which methods a chemist should use to analyze the structure of a newly made 
bioconjugate. All these challenges still represent roadblocks on the path to-
ward a truly magic bullet against cancer. Mankind will eventually fulfill Ehr-
lich’s vision and the author of this thesis is confident that ADCs will have 
played an important part along the way.  
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Populärwissenschaftliche Zusammenfassung 

Eine der häufigsten Lehren, die man aus der Lektüre von Chemieartikeln in 
populärwissenschaftlichen Zeitschriften zieht, ist, dass die Autoren eine neu-
artige Verbindung isoliert haben, die Krebszellen tötet. Was als wissenschaft-
licher Durchbruch erscheinen mag, ist oft nicht sehr folgenschwer: Auch eine 
Schusswaffe eignet sich schließlich dazu, Krebszellen zu töten. Ein geeignetes 
Chemotherapeutikum muss nur für Krebszellen toxisch sein und sollte für die 
anderen, gesunden Zellen des Körpers verträglich sein. Paul Ehrlich, der Vater 
der Chemotherapie, gab hypothetischen Chemikalien mit selektiver Toxizität 
dieser Art den Namen Zauberkugeln. 

Ein unkomplizierter Lösungsansatz sieht vor, dass eine Zauberkugel des-
halb selektiv ist, weil sie ausschließlich in Krebszellen eindringen kann. Auf 
diesem Prinzip basieren Antibody-Drug Conjugates (ADCs), die aus einem 
Zytostatikum bestehen, das an ein Trägermolekül gebunden ist und letzteres 
selektiv zur Krebszelle befördern. Das Binden des Konjugats an die Krebs-
zelle führt zu seiner Internalisierung und Verdauung, woraufhin das Toxin in 
der Zelle frei wird und dessen Tod verursacht. Ein ideales Chemotherapeuti-
kum ist danach unfähig, in seiner nackten Form in eine (potenziell unschul-
dige) Nachbarzelle einzudringen und verlässt den Körper ohne weiteren Scha-
den zu verursachen. 

Der Kern dieser Arbeit handelt vom Design und der Synthese neuer Zytos-
tatika, deren Strukturen sie für die empfangende Krebszelle toxisch machen 
und daraufhin verhindern, dass sie in eine Nachbarzelle eindringen können. 
Darüber hinaus beschreibt sie eine neue Methode zur Bindung von Zytostatika 
an biologische Trägermoleküle („bioconjugation“) und versucht zu beantwor-
ten, welche Methoden ein Chemiker verwenden sollte, um die Struktur von 
Biokonjugaten aufzuklären. All diese Fragen beschäftigen Wissenschaftler 
auf der Suche nach Ehrlichs Zauberkugeln nach wie vor. Man wird sie beant-
worten und, so ist sich der Autor dieser Arbeit sicher, ADCs werden entschei-
dend dazu beigetragen haben.  
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Populärvetenskaplig Sammanfattning 

Om du någonsin har läst en kemiartikel i en populärvetenskaplig tidning är det 
sannolikt att den handlade om upptäckten av en biologisk förening som dödar 
cancerceller. Även om det låter som ett genombrott så är det oftast inte särskilt 
betydelsefullt: Även ett handeldvapen kan ju döda cancerceller. Det som gör 
utvecklingen av cancerläkemedel så svårt är att de måste döda bara cancern 
och inga av kroppens friska vävnader. Paul Ehrlich, kemoterapins pionjär, gav 
en teoretisk förening med egenskapen att selektivt döda vissa typer av celler 
namnet magiska (gevärs)kulor. 

En av filosofierna bakom letandet efter magiska kulor är att de bara ska 
kunna gå in i cancerceller och inte friska. På så sätt fungerar antibody-drug 
conjugates (ADC:er), som består av ett cellgift som är bunden till en biologisk 
bärarmolekyl, en så kallad antikropp, som transporterar det selektivt till can-
cerceller. Konjugatens bindning till målcellen leder till dess internalisering 
och cellulära nedbrytning, varpå cellgiftet dödar cancercellen. Ett idealt cy-
tostatikum kan därefter inte tränga sig in i någon ytterligare cell och lämnar 
patientens kropp utan att skada någon annan vävnad. 

Denna avhandling handlar i huvudsak om designen och syntesen av nya 
cellgifter med just dessa egenskaper: Efter att antikroppen har transporterat 
dem in i cancercellen som de sedan har dödat är de harmlösa mot ”oskyldiga” 
grannceller. Utöver det beskriver avhandlingen en ny metod för ”bioconjugat-
ion”, dvs. konjugeringen av cellgifter med proteiner såsom antikroppar och 
innehåller rekommendationer för kemister om vilka analysmetoder som är 
lämpligast för att fastställa strukturen av ett biokonjugat. Forskare försöker att 
besvara alla dessa frågor på sökandet efter Ehrlichs magiska kulor. Jag är 
övertygad om att vetenskapen kommer att hitta svar och att ADC:er är en hjälp 
på vägen dit.  
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Unpublished Work: Supporting Information 

The experimental procedures and analytical data listed in this section pertain 
to our work toward a solid-phase method for the synthesis of cysteine reactive 
linker-payload reagents (see pages 78-82), which was ultimately not pub-
lished. All synthetic procedures and relevant analytical data collected over the 
course of all other projects are contained either in the body of those publica-
tions or their respective supporting information, which are accessible on the 
publishers’ websites. 

General Remarks 
All solvents used in the synthesis and purification of the compounds described 
herein were purchased from Chemtronica (Sweden) and used without further 
purification. All chemicals used as starting materials, reagents or buffer com-
ponents in the syntheses outlined herein were purchased from Sigma-Al-
drich/Merck (Germany). NMR spectra were recorded using an Ascend 400 
spectrometer (Bruker, US) at 298K, corresponding to a Larmor frequency of 
400MHz for 1H and 101MHz for 13C. DMSO-d6 (Sigma-Aldrich/Merck, Ger-
many) was used with no further purification. NMR spectra were processed 
and interpreted using MestreNova (Mestrelab, Spain). The thiol-loading of 
modified Merrifield resin was determined by ICP-AES-assisted sulfur quanti-
fication at λ=181.972nm using an Agilent 720-ES ICP-AES apparatus. Sam-
ples were prepared in 69% nitric acid (Sigma-Aldrich/Merck, Germany) by 
heating to 240°C (110bar) for 10 minutes in a Milestone UltraWAVE micro-
wave apparatus. ICP-AES experiments were performed by DB Lab (Den-
mark). IR-spectra of resins and resin-bound intermediates were recorded using 
an Agilent CARY 630FTIR apparatus. Low resolution mass spectrometry was 
performed using an Agilent (US) 1100 series LC/MS (single quadrupole) sys-
tem equipped with an electrospray interface, a UV diode array detector and an 
ACE3 C8 (3.0 x 50 mm) column (ACE, UK) with a gradient of acetonitrile in 
0.1% aqueous trifluoroacetic acid over 3 min and a flow of 1 mL/min. 
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Mass Spectrum of Cleaved Carbamate 52 
MS (ESI) m/z (%): 720 (28) [M+H]+, 742 (20) [M+Na]+, 555 (100) [M-
carbamate]+, 450 (31) [M-(PAB-carbamate)]+. 
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Solution Phase Synthesis of H2N-Cit-PAB-OH (S4) 

 
 
A 1L round bottom flask was charged with Boc-L-citrulline (S1, 21.6 g, 78.5 
mmol, 1.0 mol. eq), a large stir bar and 1,4-dioxane (400 mL). The resulting 
two-phasic mixture was subjected to ultrasonic radiation with occasional stir-
ring for one hour to break apart any large aggregates of starting material. N-
Ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (38.8 g, 156.9 mmol, 2.0 eq) 
was added incrementally over the period of 30 minutes, followed by para-
aminobenzyl alcohol (S2, 19.3g, 156.7 mmol, 2.0 eq), leading to gradual dis-
solution of the amino acid. The reaction mixture was stirred at room tempera-
ture for 40 hours. It was then concentrated to approximately 100 mL in vacuo, 
followed by dilution with ethyl acetate (1 L). The flask now contained a liquid 
supernatant and some viscous residues. The liquid supernatant was transferred 
to a separatory funnel and was extracted with 1% (w/w) aq. Na2CO3 (6 x 250 
mL, pH = 12). The residues in the original reaction vessel were dissolved in 
acetone (100 mL), pooled with the aqueous extracts and the combined layer 
was washed with hexanes (2 x 200 mL), followed by thorough removal of the 
volatiles in vacuo. The off-white solids that remained were triturated with eth-
anol (200 mL), filtered, and the solids were washed with an additional portion 
of ethanol (300 mL). Upon removal of the solvent, a brittle, brown foam was 
obtained, which was recrystallized from ethyl acetate/ethanol (10:1). Two har-
vests yielded 12.3 g (41%) of Boc-Cit-PAB-OH (S3) in reasonable purity 
(>90%) as an off-white solid. The compound’s spectra were in good agree-
ment with published data.383  
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A 1L round bottom flask was charged with Boc-Cit-PAB-OH (S3, 8.6g, 22.6 
mmol, 1.0 eq) and a stir bar. The flask was cooled on ice and dichloromethane 
(161 mL) was added. The resulting suspension was diluted with 2,2,2-tri-
fluoroacetic acid (107 mL, 62eq) under vigorous stirring, which lead to the 
gradual dissolution of the starting material, yielding a golden solution. After 
three hours, the dichloromethane was sporadically removed in vacuo, and the 
residual solution was diluted with water (500 mL). Upon lyophilisation, fol-
lowed by redissolution in water (250 mL) and another round of lyophilisation, 
9.39g (110%) of H2N-Cit-PAB-OH (S4) was obtained as an off-white foam. 
In all cases, a portion of the benzyl alcohol had undergone esterification to the 
respective benzyl trifluoroacetate, which explains the excessive yield. The 
mixture was used in the subsequent solid phase experiments without further 
purification. The compound’s spectra were in good agreement with published 
data.383  
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Infrared Spectra of Resin-Bound Intermediates 
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