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	i	

Abstract		
Cancer	treatment	cost	billions	of	dollars	every	year,	but	the	mortality	rate	is	still	
high.	An	 ideal	 treatment	 is	 the	 so-called	 “magic	bullets”	 that	 recognize	and	kill	
tumor	 cells	 while	 leaving	 normal	 cells	 untouched.	 In	 recent	 years,	 some	 non-
immunoglobulin	alternative	scaffold	affinity	proteins,	such	as	affibody	molecules	
and	 ADAPTs,	 have	 emerged	 and	 been	 used	 to	 specifically	 recognize	 different	
tumor	antigens.	In	this	thesis,	 I	studied	the	properties	and	anti-tumor	activities	
of	 affibody	 and	ADAPT	 fusion	 toxins	 and	 affibody	 drug	 conjugates.	 In	 the	 first	
two	 papers,	 I	 studied	 a	 panel	 of	 recombinant	 affitoxins	 (affibody	 toxin	 fusion	
proteins)	 consisting	 of	 an	 anti-HER2	 affibody	 molecule	 (ZHER2),	 an	 albumin	
binding	 domain	 (ABD)	 and	 a	 truncated	 version	 of	 Pseudomonas	 Exotoxin	 A	
(PE38X8).	 The	 affitoxins	 demonstrated	 specific	 anti-tumor	 activity	 on	 HER2-
overexpressing	 tumor	 cells	 in	 vitro.	 A	 biodistribution	 experiment	 showed	 that	
addition	 of	 an	 ABD	 increased	 the	 blood	 retention	 by	 28-fold	 and	 a	 (HE)3	 N-
terminal	 purification	 tag	 decreased	 hepatic	 uptake	 of	 the	 affitoxin	 compared	
with	a	His6	tag.	In	paper	III,	 I	studied	immunotoxins	consisting	of	an	anti-HER2	
ABD-derived	 affinity	 protein	 (ADAPT),	 an	 ABD	 and	 a	 minimized	 and	
deimmunized	version	of	Pseudomonas	exotoxin	A	 (PE25).	These	 immunotoxins	
demonstrated	 potent	 and	 specific	 cytotoxicity	 toward	 HER2	 overexpressing	
tumor	 cells	 in	 vitro	 similar	 to	 affitoxins.	 In	 paper	 IV,	 I	 produced	 a	 panel	 of	
affibody	 drug	 conjugates	 consisting	 of	 ZHER2,	 ABD	 and	 malemidocaproyl	
mertansine	 (mc-DM1).	 The	 conjugates	 had	 selective	 toxic	 activity	 on	 HER2-
overexpressing	 tumor	 cells	 in	 vitro	 comparable	 with	 the	 approved	 drug	
trastuzumab	 emtansine.	 The	 conjugate,	 ZHER2-ZHER2-ABD-mc-DM1	was	 found	 to	
prolong	 the	 life	 span	 of	 tumor	 bearing	 mice	 and	 delayed	 the	 growth	 of	
xenografted	SKOV-3	tumors.	 In	conclusion,	affibody	molecules	and	ADAPTs	are	
promising	alternatives	to	antibodies	for	targeted	tumor	therapy.	

Keywords:	 Targeted	 tumor	 therapy,	 immunotoxins,	 ADCs,	 affibody	 molecule,	
ADAPT,	pseudomonas	exotoxin	A,	maytansinoid	
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Popular	Science	Summary	
Cancer	has	become	one	of	the	leading	causes	of	death	in	the	world	and	there	is	
no	general	cure	for	cancer	yet.	Cancer	is	 intrinsically	hard	to	treat	because	it	 is	
derived	 from	our	own	cells	and	 it	 is	hard	 for	 the	 immune	system	and	drugs	 to	
distinguish	cancer	cells	from	healthy	ones.	The	most	commonly	used	traditional	
treatments	for	cancer	patients	include	surgery,	chemotherapy	and	radiotherapy.	
Surgery	is	an	effective	way	to	remove	solid	tumors,	however,	it	damages	healthy	
tissue	surrounding	 the	 tumor	and	 it	 is	often	difficult	 to	 remove	all	 tumor	cells,	
which	may	lead	to	reoccurring	tumors.	Chemotherapy	and	radiotherapy	kill	both	
tumor	cells	and	healthy	cells,	thus	resulting	in	side	effects.	An	ideal	treatment	for	
cancer	could	be	a	guided	missile	that	searches	and	then	destroys	only	the	tumor	
cells	without	harming	the	healthy	ones,	so	called	targeted	cancer	therapy.		
Researchers	have	developed	a	variety	of	molecules	for	targeted	tumor	therapy.	
The	largest	class	of	targeting	molecules	is	antibodies,	one	of	the	major	molecules	
generated	by	our	own	immune	system	and	naturally	used	for	defense	against	
infections.	Antibodies	used	for	targeted	cancer	therapy	are	often	engineered	
outside	of	human	body	to	acquire	the	specificity	for	a	certain	type	of	tumor.	The	
engineered	antibodies	are	also	sometimes	further	armed	with	toxic	payloads	for	
accurate	delivery	of	toxins	to	tumor	cells.	Besides	antibodies,	artificial	non-
antibody	small	targeting	proteins	may	be	used	to	deliver	toxins	to	tumors	for	
targeted	cancer	therapy.	In	this	thesis,	this	is	the	area	that	I	have	explored.	I	
found	that	the	designed	small	proteins	could	specifically	deliver	toxins	to	tumor	
cells	and	kill	tumor	cells	growing	in	petri	dishes	and	in	mice	with	human-derived	
tumors.	
	

科普总结 
癌症在全球已经成为⼈类第⼀杀⼿之⼀。迄今为⽌还没有能够根治癌症的⽅法。
癌症难以治愈的根本原因是癌细胞来自于⼈类自身的细胞，这使得免疫系统和
药物很难将癌细胞同正常细胞区别对待。现在最常用的传统癌症治疗⽅法有：
⼿术切除、化疗和放疗。⼿术切除对于固体性肿瘤比较有效，但是会对肿瘤周
围组织产⽣损伤，更重要的是⼀般很难保证将所有癌细胞切除。⼀段时间过后，
癌症会复发。化疗和放疗都不加区分的杀死癌细胞和正常细胞，因此他们对病
⼈身体的损伤很⼤。最理想的癌症药物应该类似于制导导弹，它只搜寻和消灭
癌细胞⽽对正常细胞⽆害。 
研究者们已经开发了⼀系列的药物来实现癌症的靶向治疗。这其中最⼤的⼀类
是来自于我们自身免疫系统的抗体。体外⼈⼯改造的抗体可以获得对某种肿瘤
的特异性来用于治疗相应的癌症。这类⼈⼯改造的抗体还可以连接上某种毒素
分⼦然后精确地投递毒素分⼦到癌细胞中去，从⽽杀死癌细胞。在这篇论⽂里，
我探索了试用⼀种比抗体小很多的⼈⼯亲和蛋白来特异地给肿瘤投递两种类型
的毒素 。我所制备的药物不仅可以杀死在培养⽫中⽣长的肿瘤细胞和在实验小
鼠体内⽣长的⼈源肿瘤细胞。		 	
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Chapter	1	

1 Cancer:	causes,	diagnosis	and	treatments	
1.1 Genetic	cause	of	Cancer	

Cancer	 has	 become	 one	 of	 the	 leading	 causes	 of	 death	 in	 both	 developed	 and	
developing	counties	[1].	According	to	the	World	Health	Organization	(WHO),	8.8	
million	people	died	from	cancer	merely	in	2015,	mostly	by	lung,	liver,	colorectal,	
stomach	 and	 breast	 cancer	 [2].	 To	 understand	 the	 cause	 and	 development	 of	
cancer	is	of	fundamental	 interest	and	of	 importance	for	its	treatment.	As	we	all	
know,	 humans	 are	 a	 complex	 form	 of	 life	 on	 earth,	 consisting	 of	 about	 37.2	
trillion	 of	 the	 basic	 building	 blocks	 of	 life:	 the	 cells	 [3].	Normally,	 all	 cells	 in	 a	
human	 body	 work	 together	 to	 carry	 out	 all	 tasks	 needed	 to	 orchestrate	 life.	
However,	 some	 cells	may	 start	 to	 grow	 and	 divide	 abnormally	 rapidly.	 This	 is	
what	we	 term	cancer.	The	 abnormal	 growth	 rate	 is	 caused	by	 accumulation	of	
malignant	 mutations	 in	 the	 cell’s	 genome.	 Since	 DNA	 replication	 is	 not	 with	
100%	 fidelity,	 incorporating	 on	 average	 10.6×10-7	mutations	 per	 cell	 division,	
mutations	gradually	accumulate	with	subsequent	cell	divisions	[4].	Although	the	
risk	 of	 acquiring	 mutations	 leading	 to	 malignant	 transformation	 is	 very	 small	
during	each	cell	division,	the	number	of	cell	divisions	throughout	one’s	life	span	
is	 large.	 This	 leads	 to	 that	 approximately	 40%	of	 people	 in	 the	western	world	
will	 be	 diagnosed	 with	 cancer.	 Tumor	 cells	 appear	 when	 the	mutations	 cause	
abnormalities	 in	 tumor	 suppressor	 genes	or	 oncogenes,	 and	 eventually	 lead	 to	
uncontrolled	cell	growth.	However,	carcinogenesis	is	not	only	caused	by	genetic	
changes	but	also	by	epigenetic	alternations,	which	are	 functional	modifications	
of	 the	 genome	 that	 do	 not	 alter	 the	 actual	 genomic	 DNA	 sequences.	 The	
epigenetic	events	promoting	carcinogenesis	include	changes	in	DNA	methylation,	
histone	modifications	 and	 expression	 of	 small	 noncoding	microRNAs	 (miRNA)	
and	they	are	inherited	during	cell	division	[5].	It	is	likely	that	the	central	role	of	
epigenetic	alterations	in	carcinogenesis	is	to	decrease	expression	of	DNA	repair	
genes	[6],	[7].	
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There	are	a	number	of	environmental	factors	that	may	accelerate	accumulation	
of	 mutations.	 According	 to	 a	 statement	 from	 the	 world	 health	 organization	
(WHO),	 there	 are	 ten	 key	 factors	 that	 increases	 the	 risk	 of	 acquiring	 cancer,	
including	 tobacco	 use,	 obesity,	 an	 unhealthy	 diet	with	 low	 intake	 of	 fruits	 and	
vegetables,	 a	 lack	 of	 physical	 activity,	 alcohol	 use,	 HPV-infection,	 hepatitis	
infection,	 ionizing	 and	 ultraviolet	 radiation,	 air	 pollution	 and	 indoor	 smoke	
exposure.	 Most	 of	 these	 factors,	 for	 example	 tobacco	 use,	 cause	 continuous	
damage	to	the	genome	[8],	meaning	the	accumulation	of	mutations	occurs	faster	
in	persons	who	are	constantly	exposed	to	these	factors	than	in	people	avoiding	
them.	

1.2 Biomarkers	of	cancer/	tumor	specific	surface	receptors	

Since	 tumor	 cells	 have	 mutations	 resulting	 in	 uncontrolled	 abnormal	 cell	
proliferation,	they	often	differ	from	normal	cells	in	some	way,	which	may	help	in	
detection	 as	 well	 as	 treatment	 of	 tumors.	 Cancer	 biomarkers	 are	 identifiable	
biological	molecules	that	are	signs	of	tumor	development:	proteins,	small	organic	
molecules,	DNA,	RNA	or	even	lipids	etc.,	found	in	blood,	other	body	fluids,	or	the	
tumor	itself.	Biomarkers	may	be	used	for	risk	prediction,	diagnosis,	prediction	of	
treatments	outcome,	and	treatments	[9].	Here	I	will	focus	on	protein	biomarkers	
expressed	 on	 the	 cell	 surface,	 termed	 tumor	 specific	 or	 tumor	 related	 surface	
receptors,	which	are	either	overexpressed,	mutated	or	selectively	expressed	on	
tumor	cells	compared	to	normal	cells.	

One	major	 category	 of	 tumor	 biomarkers	 is	 the	 cluster	 of	 differentiation	 (CD)	
group,	including	CD20,	CD30,	and	CD52	[10]–[12]	expressed	on	different	types	of	
lymphoma	 cells.	 They	 are	 selectively	 expressed	 on	 both	 lymphomas	 and	
lymphocytes.	Another	major	category	of	tumor	biomarkers	is	the	growth	factor	
receptors.	They	are	often	overexpressed	on	tumors,	providing	abnormal	growth	
signals,	 which	 drives	 tumor	 growth.	 The	 epidermal	 growth	 factor	 receptor	
family,	 including	 ERBB1,	 also	 known	 as	 epidermal	 growth	 factor	 receptor	
(EGFR);	 ERBB2,	 also	 known	 as	 human	 epidermal	 growth	 factor	 receptor	 2	
(HER2);	ERBB3,	also	known	as	HER3;	and	ERBB4,	also	known	as	HER4,	are	quite	
extensively	 studied	 and	 have	 proven	 roles	 in	 tumorigenesis	 [13].	 Except	 for	
HER2,	the	epidermal	growth	factor	receptors	have	ligands	that	bind	and	activate	
the	receptors,	e.g.	EGF	for	EGFR,	heregulin	for	HER3	and	HER4	[14].	HER2	does	
not	 have	 a	 ligand	 and	 is	 always	 in	 an	 active	 state.	 The	 active	 form	 of	 the	
epidermal	 growth	 factor	 receptors	 is	 as	 homo	 or	 heterodimers,	 where	 they	
transmit	growth	promoting	signals	[14].	ERBB2,	the	gene	encoding	human	HER2,	
is	 a	 typical	 proto-oncogene,	which	 is	 involved	 in	 normal	 cell	 development	 but	
drives	 tumor	 growth	 when	 dysfunctional.	 A	 sub-set	 of	 patients	 with	 breast	
cancer	(approx.	20%)	[15]	and	a	sub-set	of	patients	with	ovarian	cancer	(approx.	
12%)	 [16]were	 found	 to	 have	 tumors	 overexpressing	 HER2.	 HER2	
overexpressing	tumors	tend	to	be	more	aggressive	than	HER2-negative	tumors,	
showing	 the	 significance	 of	 HER2	 status	 for	 prognosis	 of	 outcome	 [14],	 [17].	
Another	reason	for	a	particular	interest	in	HER2,	is	that	in	many	cases	of	breast	
tumors,	the	HER2	expression	levels	are	dramatically	higher	than	in	normal	cells	
[18].	The	tumor	specific	overexpression	of	HER2	makes	it	a	good	biomarker	for	
diagnosis	 and	 therapy.	 Immunohistochemistry	 staining	 for	 HER2	 is	 already	 a	
part	 of	 the	 standard	 breast	 cancer	 diagnosis	 procedure	 [19].	 Antibody	 drugs,	
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such	 as	 trastuzumab	 (commercial	 name	 Herceptin®)	 and	 pertuzumab	
(commercial	name	Perjeta®),	targeting	HER2	have	been	developed	and	approved	
by	 the	 US	 Food	 and	 Drug	 Administration	 (FDA)	 for	 treatment	 of	 HER2	
overexpressing	metastatic	breast	cancer	in	combination	with	chemotherapeutic	
drugs	[20],	[21].	Similar	antibody	drugs	targeting	other	tumor	specific	or	tumor	
related	antigens	have	also	been	developed.	For	example,	the	anti-EGFR	antibody	
cetuximab	 for	 treatment	 of	 metastatic	 colorectal	 cancer	 [22],	 and	 the	 anti-
vascular	endothelial	growth	factor	(anti-VEGF)	antibody	bevacizumab,	are	used	
clinically	for	treatment	of	various	types	of	cancers	[23].		

1.3 Cancer	diagnosis	

Cancer	diagnosis	 is	 at	 least	 as	 important	 as	 treatment,	 since	 the	 earlier	 cancer	
gets	 diagnosed	 and	 treated,	 the	 higher	 the	 survival	 rate	 is.	 The	5-year	 relative	
survival	 rate	 for	 patients	 with	 stage	 0	 breast	 cancer	 is	 almost	 100%,	 while	
survival	drops	to	around	22%	for	stage	4	breast	cancer	[24].	
Currently	there	are	two	standard	ways	to	diagnose	cancer	in	clinical	practice,	by	
imaging	 procedures	 or	 by	 biopsy.	 The	 imaging	 procedures	 include	 computed	
tomography	(CT)	scan,	ultrasound,	magnetic	resonance	 imaging	(MRI)	and	PET	
(positron	 emission	 tomography)	 scan,	 including	 various	 contrasting	 agents.	
These	imaging	procedures	are	non-invasive,	but	the	results	need	to	be	carefully	
evaluated	 to	 avoid	 false	 positive	 and	 false	 negative	 diagnoses	 [25].	 Although	
collection	 of	 biopsies	 is	 invasive,	 where	 tissue	 samples	 are	 isolated	 from	 the	
patient	for	observation	under	a	microscope,	it	is	almost	always	required	to	give	a	
definitive	result	when	imaging	procedures	show	possible	positive	results.	

The	 traditional	 imaging	 diagnosis	 can	 be	 combined	with	 assessment	 of	 tumor	
biomarkers,	 giving	 more	 comprehensive	 results.	 For	 example,	 if	 a	 patient’s	
breast	tumor	overexpress	HER2,	the	tumor	could	be	imaged	by	nuclear	medicine	
scan	after	 injection	of	 a	 radiolabeled	HER2	specific	 antibody	 [26].	 In	 that	 case,	
the	 tumor	 may	 be	 easily	 distinguished	 from	 normal	 tissue	 due	 to	 a	 higher	
accumulation	 of	 radiolabeled	 HER2	 specific	 antibody	 in	 tumor	 tissue.	 The	
combination	of	such	molecular	probes	and	imaging	techniques	may	also	provide	
information	of	metastases,	which	are	difficult	to	find	otherwise	[27].		

Receptor	expression	status	may	also	be	determined	after	collection	of	biopsies.	
Collected	 biopsies	 may	 for	 example	 be	 stained	 with	 a	 HER2	 specific	 antibody	
together	 with	 a	 color	 generating	 secondary	 antibody,	 in	 order	 to	 score	 the	
tumor’s	HER2	status,	which	is	a	clue	for	prognosis	[28]–[30].		
Diagnostic	methods	can	also	be	applied	on	people	who	do	not	have	any	symptom	
of	cancer,	in	order	to	detect	tumors	at	a	very	early	stage.	This	type	of	diagnosis	is	
termed	cancer	screening.	Analysis	of	trace	amounts	of	protein,	RNA	and	DNA	as	
cancer	biomarkers	in	blood	or	urine	is	preferred	because	they	are	non-invasive	
and	samples	are	easy	 to	obtain	 [31].	Both	circulating	microRNA	and	microRNA	
detected	 in	 urine,	 may	 be	 used	 to	 diagnose	 breast	 and	 ovarian	 cancer	 [32].	
Pilyugin	et	al.	were	 for	example	able	 to	stage	 lung	cancer	 from	stage	1	 to	4,	by	
measuring	the	level	of	autoantibodies	to	BARD1	in	serum	[33].		It	has	even	been	
possible	 to	determine	 the	origin	of	 some	cancers	by	analyzing	 the	methylation	
haplotype	blocks	of	cell	free	DNA	isolated	from	blood,	since	genomic	DNA	from	
different	tissues	were	found	to	have	different	methylation	patterns	[31].		
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The	methods	are	not	only	used	for	diagnosis.	They	are	also	used	during	and	after	
treatment	to	evaluate	the	efficacy.		

1.4 Cancer	treatment	

Doctors	 generally	 have	 five	 types	 of	 treatment	 possibilities,	 (i)	 surgery,	 	 (ii)	
chemotherapy,	(iii)	radiotherapy,	(iv)	targeted	therapy	and	(v)	immunotherapy.	

(i)	Surgery	is	an	effective	way	to	remove	many	types	of	solid	tumors.	However,	
when	cancer	metastasize	to	distant	sites,	 it	 is	normally	 impossible	to	surgically	
remove	all	metastases.	For	hematopoietic	 tumors,	 surgical	 removal	 is	not	even	
possible.	The	aim	of	the	surgery	is	to	remove	as	much	as	possible	of	the	tumor,	
while	 minimizing	 the	 harm	 to	 the	 patient.	 Even	 though	 the	 physicians	 try	 to	
remove	 as	 much	 as	 possible	 of	 the	 tumor,	 there	 is	 always	 a	 risk	 of	 relapse.	
Relapses	 are	 also	 sometimes	 a	 consequence	 of	 surgery,	 which	 may	 lead	 to	
dissemination	of	tumor	cells	[34].		

(ii)	Chemotherapeutic	drugs	are	mostly	 cytotoxic	 small	organic	molecules	with	
different	 modes	 of	 action	 (MOA).	 They	 may	 for	 example	 damage	 DNA	 by	
alkylation	 (for	 example	 Cisplatin),	 or	 inhibit	 DNA	 replication	 (for	 example	 5-
fluorouracil),	 or	 interfere	 with	 enzymes	 involved	 in	 DNA	 replication	 (for	
example,	 Doxorubicin),	 or	 inhibit	 mitosis	 (for	 example,	 Mitomycin-C)	 [35].	
Although	 several	 types	 of	 chemotherapeutic	 drugs	 are	 designed	 to	 act	 on	 fast	
growing	tumor	cells,	 their	specificity	 is	often	 low	and	normal	cells	may	also	be	
affected.	There	are	a	variety	of	adverse	effects,	including	fatigue,	hair	loss,	weight	
loss	 and	 the	 possibility	 of	 getting	 secondary	 tumors,	 when	 treated	 with	 such	
agents.	 For	 example,	 the	 relative	 risk	 to	 develop	 leukemia	 or	 myelodysplasia	
syndrome	 for	patients	 treated	with	DNA	alkylating	drugs	was	6.5	 times	higher	
compared	 to	 control	 patients	 [36].	 Beyond	 the	 adverse	 effects,	 many	 patients	
also	 develop	 resistance	 to	 chemotherapeutics	 [37],	 [38].	 Chemotherapeutic	
drugs	 can	 be	 the	 only	 treatment	 in	 some	 cases,	 but	 they	 are	 often	 used	 in	
combination	with	 other	 types	 of	 therapy.	 For	 example,	 they	 can	 be	 given	 as	 a	
complementary	treatment	in	combination	with	surgery	to	reduce	relapses.	

(iii)	 Radiation	 therapy	 utilizes	 high-dose	 radiation	 to	 kill	 cancer	 cells.	 The	
radiation	 damages	 DNA,	 and	 the	 cells	 die	 after	 a	 while	 when	 the	 damage	
exceeded	 the	 cell’s	 ability	 to	 repair	 its	 genome	 [39].	 Radiation	 therapy	 can	 be	
either	local	by	external	beam	radiation	or	systemic	by	infusion	of	radioisotopes	
or	 isotope-labeled	compounds.	Both	 forms	of	radiation	therapy	kill	normal	and	
cancer	cells.	There	is	a	lifetime	limit	of	the	amount	of	radiation	a	person	may	be	
subjected	 to	without	 severe	 side	 effects,	which	 also	 limits	 its	 use.	 Cancer	 cells	
may	also	develop	resistance	to	radiotherapy	[40].		
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Figure	1.	Current	cancer	treatments	options.	Surgery,	chemotherapy	and	radiotherapy	are	
traditional	cancer	treatments.	Immunotherapy	and	targeted	therapy	are	more	recent	cancer	
treatments.	All	the	treatments	are	often	used	in	combination	in	clinical	practice.	

(iv)	In	the	late	1990s,	targeted	therapies	were	investigated	to	circumvent	the	low	
specificity	problem	of	chemotherapy	and	radiation	 therapy.	Tamoxifen	was	 the	
first	 approved	 targeted	 cancer	 therapeutic,	 which	 is	 used	 for	 treatment	 of	
patients	with	estrogen	receptor	(ER)	positive	breast	cancer	tumors.	 It	prevents	
estrogen	 from	 binding	 to	 ER	 in	 the	 cytoplasm	 and	 therefore	 inhibits	 ER	
stimulation	of	tumor	growth	[41].	In	addition	to	small	molecules	that	specifically	
act	 on	 tumor	 cells,	 antibodies	 play	 a	major	 role	 in	 targeted	 therapy	 since	 it	 is	
possible	 to	 design	 antibodies	 with	 high	 specificity	 for	 differentially	 expressed	
tumor	 antigens.	 One	 of	 the	 most	 effective	 antibody-based	 cancer	 drugs	 is	
trastuzumab.	It	is	an	FDA	approved	drug	for	treatment	of	HER2	overexpressing	
metastatic	 breast	 cancer.	When	 it	 binds	 to	 HER2	 on	 the	 tumor	 cell	 surface,	 it	
inhibits	cell	growth	by	 inhibiting	HER2	activation,	 triggers	antibody-dependent	
cell-mediated	 cytotoxicity	 (ADCC)	 and	 triggers	 complement-dependent	
cytotoxicity	(CDC)	[42]–[44]	Adding	trastuzumab	to	standard	chemotherapy,	led	
to	 37%	 of	 relative	 improvement	 in	 overall	 survival	 and	 all	 patient	 subgroups	
benefited	from	it	[45].	Antibodies	have	also	been	conjugated	with	small	cytotoxic	
molecules,	named	antibody	drug	conjugates	 (ADCs),	with	 the	aim	of	 increasing	
their	 potency.	 T-DM1,	 trastuzmab	 in	 conjugation	with	mertansine	 (DM1),	 was	
approved	 by	 the	 FDA	 in	 2013	 for	 treatment	 of	 metastatic	 breast	 tumors	
overexpressing	HER2	[46].	T-DM1	retains	all	the	modes	of	action	of	trastuzumab,	
including	blocking	 of	HER2,	ADCC	 and	CDC,	 and	 it	 directly	 kills	 tumor	 cells	 by	
releasing	DM1	in	the	cytoplasm	[46].	ADCs	will	be	discussed	in	detail	in	chapter	
3	of	this	thesis.	

(v)	 Immunotherapy	 is	 a	 type	 of	 cancer	 treatment	 utilizing	 the	 patient’s	 own	
immune	cells	to	fight	cancer.	The	human	immune	system	has	been	found	to	have	
anti-tumor	activity,	 however	 it	 is	 often	 inhibited	by	 the	 tumor	 cells	 and	 tumor	
microenvironment	[47],	[48].	Another	motivation	to	investigate	immunotherapy	
to	combat	cancer	is	that	the	adaptive	immune	system	works	specifically	towards	
a	 particular	 antigen,	 which	 may	 give,	 in	 theory,	 a	 highly	 specific	 treatment	
against	 tumor	 cells.	The	 idea	behind	 immunotherapy	 is	 to	use	various	ways	 to	
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activate	 and	 direct	 immune	 cells	 to	 kill	 tumor	 cells,	 which	 involves	 both	
activating	 immune	cells	by	different	routes	and/or	 to	direct	 them	to	 the	 tumor	
cells	 by	 ex	 vivo	 genetic	modification.	 Antibodies	 can	 be	 used	 to	 block	 immune	
checkpoints	to	activate	immune	cells.	Programed	cell	death	protein	1	(PD1)	and	
programed	death-ligand	1	(PD-L1)	antibodies	are	used	to	enhance	the	 immune	
response	 to	 tumor	 cells	 by	 releasing	 the	 “brake”	 of	 the	 immune	 system.	 They	
have	shown	potent	anti-tumor	effects	[49].	Recently,	chimeric	antigen	receptor	T	
cell	 (CAR-T)	 immunotherapy,	 has	 drawn	 a	 lot	 of	 attention,	 and	 CTL019	
(commercial	name	Kymriah)	has	just	become	the	first	CAR-T	therapeutic	option	
approved	by	 the	FDA	 [50].	CTL019	utilizes	 the	patient’s	own	T	cells	which	are	
transfected	 with	 genetic	 material	 to	 express	 a	 chimeric	 antigen	 receptor,	
targeting	 CD19,	 which	 is	 expressed	 on	 B	 cell	 leukemias.	 The	 treatment	 is	
approved	 for	 treatment	 of	 acute	 lymphoblastic	 leukemia	 (ALL)	 and	 chronic	
lymphocytic	 leukemia	 (CLL)	 [51][52].	 The	 complete	 remission	 (CR)	 rate	 of	
patients	treated	with	CTL019	was	higher	than	80%	[53].	It	should	be	noted	that	
these	patients	had	a	very	poor	prognosis	otherwise.	

In	clinical	practice,	all	the	therapies	described	above	are	often	used	in	
combination	rather	than	as	monotherapies	to	achieve	better	treatment	outcomes	
and	preventing	relapses.	
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Chapter	2	

2 Antibodies	and	other	affinity	proteins	
2.1 Monoclonal	antibodies	

The	“magic	bullet”	concept	refers	to	drugs	designed	to	only	take	effect	on	their	
intended	cell-structural	targets.	Paul	Ehrlich	proposed	this	concept	when	
searching	for	anti-toxin	antibodies	without	knowing	the	actual	structure	of	
antibodies	[54].	At	first,	the	“magic	bullet”	drugs	were	chemotherapeutics	used	
to	treat	infections	without	causing	much	harm	to	the	body,	such	as	
arsphenamine.	Monoclonal	antibodies	appeared	as	the	“magic	bullet”	to	treat	
tumors	almost	80	years	after	the	concept	was	proposed.	Discovery	of	the	
chemical	structure	of	antibodies	by	Gerald	Edelman	and	Rodney	Robert	Porter	
[55]	in	1959	and	the	invention	of	hybridoma	technology	[56]	in	1975	were	two	
important	events	that	enabled	“magic	bullets”	derived	from	antibodies.	The	
hybridoma	technology	allows	immortalization	of	antibody-producing	B	cells	by	
fusing	them	to	immortalized	B	cell	myelomas.	This	made	it	possible	to	produce	
large	amounts	of	monoclonal	antibodies.	However,	the	early	monoclonal	
antibodies	produced	from	hybridomas	were	of	murine	origin,	and	elicited	an	
immune	response,	which	provoked	production	of	neutralizing	antibodies,	
limiting	therapeutic	application.	The	emergence	of	antibody	engineering	
technologies	in	the	1990s	allowed	for	construction	of	human	murine	chimeric,	
humanized	or	even	fully	human	antibodies,	with	low	or	no	immunogenicity	[57].	
The	symbolic	approval	of	rituximab	in	1997	by	the	FDA,	indicated	the	start	of	
antibody	targeted	tumor	therapeutics.		

From	 an	 immunological	 point	 of	 view,	 antibodies	 have	 the	 functions	 of	
neutralizing	foreign	antigens	and	directing	other	immune	cells	to	clear	infections.	
When	B	cells	are	activated	by	antigen	presenting	cells	(APCs),	the	antibody	genes	
undergo	 V(D)J	 recombination,	 class	 switching,	 somatic	 hypermutation	 and	
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selection,	resulting	in	a	clone	producing	a	specific	antibody	with	high	specificity	
and	 affinity	 for	 the	 antigen	 [58].	 	 There	 are	 several	 isotypes	 of	 antibodies	
produced	by	B	cells,	namely	IgA,	IgD,	IgE,	IgG	and	IgM,	with	IgG	being	the	most	
commonly	 used	 class	 for	 therapeutic	 and	 biotechnological	 applications.	 Two	
reasons	 for	 the	 wide-spread	 use	 of	 IgG	 is	 that	 they	 are	 the	 most	 abundant	
antibodies	 in	 circulation	 and	 they	 are	 the	 most	 diverse	 antibodies,	 with	 four	
subclasses	 [58].	 The	 four	 IgG	 subclasses,	 IgG1,	 IgG2,	 IgG3	 and	 IgG4,	 have	 so-
called	 effector	 mechanisms	 including:	 facilitation	 of	 phagocytosis	 by	
macrophages,	eliciting	complement	dependent	cytotoxicity	(CDC)	and	antibody-
dependent	 cell-mediated	 cytotoxicity	 (ADCC)	 upon	 binding	 to	 their	 targets.	
However,	every	subclass	does	not	necessarily	have	all	the	effector	mechanisms.	
One	 IgG	molecule	 consists	 of	 four	 peptides,	 two	 identical	 light	 chains	 and	 two	
identical	heavy	chains,	which	are	interconnected	by	disulfide	bridges	forming	a	Y	
shaped	macromolecule	 (Figure	 2).	 The	 IgG	 structure	 can	 be	 dissected	 into	 the	
fragment	of	antigen	binding	(Fab)	and	the	fragment	crystallizable	(Fc)	regions	by	
their	 different	 functions	 (Figure	 2).	 The	 ‘head’	 of	 the	 Fabs	 contain	
complementarity-determining	regions	(CDRs),	determining	antigen	specificity	of	
the	antibodies.	The	diversity	of	amino	acid	sequences	 in	the	CDRs	is	a	result	of	
V(D)J	 recombination	 and	 somatic	 hypermutations.	 In	 theory,	 antibodies	
generated	by	B-cells	may	target	almost	any	antigen	presented	to	the	human	body.	
The	Fc	part	of	antibodies	interact	with	some	innate	immune	cells,	activating	the	
effector	 mechanisms.	 Fc	 binds	 to	 Fcγ	 receptors	 (FcγR)	 expressed	 on	 natural	
killer	(NK)	cells,	dendritic	cells	(DCs),	macrophages,	neutrophils	and	eosinophils	
delivering	 either	 inhibitory	 or	 activating	 signals	 [59].	 ADCC	 is	 a	 cell-mediated	
immune	response	mechanism	whereby	typically	FcγRIIIA	receptors	on	NK	cells	
interact	 with	 Fc	 in	 IgGs	 bound	 on	 the	 cells	 surface,	 followed	 by	 release	 of	
perforin	and	granzymes	by	the	NK-cells	causing	lysis	of	the	target	cell	[58].	ADCC	
is	quite	interesting	from	a	cancer	treatment	perspective,	since	it	helps	antibody	
drugs	to	kill	 tumor	cells.	Fc	can	also	recruit	the	complement	system	for	 lysis	of	
tumor	 cells,	 by	 a	mechanism	 called	 complement-dependent	 cytotoxicity	 (CDC).	
Binding	of	 complement	components	 to	Fc	 initiates	a	 cascade	reaction	 inserting	
one	 or	more	membrane	 attack	 complexes	 (MAC)	 on	 pathogens	 or	 tumor	 cells,	
resulting	in	cell	lysis	through	subsequent	influx	of	ions	and	water	[60].		
Another	 important	 function	of	 the	Fc	of	 IgG	 is	 to	maintain	 the	concentration	of	
IgG	in	circulation.	The	serum	half-life	of	IgG	can	be	longer	than	four	weeks,	due	
to	 the	 interaction	 with	 the	 neonatal	 Fc	 receptor	 (FcRn)	 [61].	 FcRn	 was	 first	
discovered	in	the	newborn	rat’s	epithelial	cells	in	the	gut,	transporting	IgGs	from	
the	 mother’s	 milk	 to	 its	 bloodstream	 [61].	 Later,	 it	 was	 found	 that	 it	 is	 also	
crucial	 for	 maintaining	 the	 concentration	 of	 IgG	 in	 the	 bloodstream.	 FcRn	 is	
expressed	on	many	types	of	cells,	both	non-hematopoietic	and	hematopoietic.	It	
was	found	that	epithelial	and	hematopoietic	cells	were	the	primary	contributor	
to	wild-type	 IgG	homeostasis	 in	vivo	[62].	 FcRn	binds	 to	 Fc	 in	 a	 pH	dependent	
manner,	with	low	affinity	at	neutral	pH	and	with	high	affinity	in	acidic	pH.	This	
leads	 to	 that	 FcRn	 binds	 to	 antibodies	 internalized	 in	 the	 endosomal	
compartments	where	the	pH	is	acidic	(less	than	6.5),	FcRn	is	then	responsible	for	
transporting	 the	 bound	 antibody	 to	 the	 cell	 surface	 where	 a	 neutral	 pH	 is	
encountered	 and	 the	 antibody	 is	 released.	 This	 mechanism	 limits	 antibody	
degradation	in	the	lysosome	[63].	
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All	 of	 above-mentioned	 properties	 of	 antibodies	 make	 them	 well	 suited	 for	
therapeutic	purposes.	Currently	there	are	78	monoclonal	therapeutic	antibodies	
approved	by	the	EMA	and/or	the	FDA	[64].	

2.2 Engineered	antibody	variants	

Besides	 the	 natural	 formats	 of	 antibodies,	 a	 variety	 of	 engineered	 antibodies,	
which	do	not	exist	 in	nature,	have	been	developed	to	reduce	the	size,	 to	create	
multi-valent	variants,	or	for	“fit	to	purpose”	applications	[65].	The	first	wave	of	
antibody	 engineering	 during	 the	 80	 to	 90s,	 were	mostly	 aimed	 at	 humanizing	
them	and	focused	on	creating	different	variants	of	the	variable	domains.	Natural	
antibodies	 have	 two	 paratopes,	 which	 can	 bind	 to	 two	molecules	 of	 the	 same	
antigen	 simultaneously.	 One	 of	 the	 paratopes	 can	 be	 engineered	 to	 target	 a	
different	antigen,	resulting	in	bi-specific	antibodies.	These	bi-specific	antibodies	
often	 have	 higher	 anti-tumor	 activity	 to	 the	 tumor	 cells	 expressing	 the	 two	
antigens	 by	 down	 regulating	 two	 growth-promoting	 receptors	 simultaneously	
[66].	 In	 addition,	 bi-specific	 antibodies	 are	 used	 to	 engage	 T-cells	 with	 tumor	
cells	for	targeted	tumor	therapies	[67].	One	of	the	first	technologies	developed	to	
produce	 bi-specific	 antibodies	 was	 to	 use	 a	 “knobs	 into	 holes”	 technology	
correctly	 pairing	 a	 half	 of	 one	 antibody	 with	 a	 half	 of	 another	 antibody	 [68]	
(Figure	2).	Recently,	other	methods	have	been	developed	to	produce	bi-specific	
antibodies	 [69],	 [70].	 The	 specificity	 of	 bi-specific	 antibodies	 are	 often	 well	
improved	compared	to	the	parental	antibodies	and	have	been	shown	to	possess	
a	more	potent	anti-tumor	activity	compared	with	the	parental	antibodies,	since	
two	 receptors’	 signaling	pathways	 are	 simultaneously	 inhibited	by	 one	 type	 of	
antibody	molecule	[71],	[72].		
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Figure	 2.	 Illustrative	 structure	 of	 an	 antibody	 and	 examples	 engineered	 antibody	 variants.	
The	 antibody	 is	 a	 “Y”	 shaped	 macromolecule	 consisting	 of	 four	 polypeptide	 chains;	 two	
identical	heavy	chains	and	two	identical	light	chains,	interconnected	by	disulfide	bonds.	Both	
the	 light	and	heavy	chains	 can	be	divided	 into	a	variable	 region	 (VL	or	VH)	and	a	 constant	
region	(CL	or	CH).	A	scFv	(single	chain	variable	fragment)	consists	a	VL	and	a	VH	connected	by	
a	 polypeptide	 linker.	 A	 dsFv	 (disulfide-stabilized	 variable	 fragment)	 consists	 a	 VL	and	a	 VH	
stablized	by	a	disulfide	bond.	Fab	(antigen	binding	 fragment)	 is	one	arm	of	 the	 “Y”	 shaped	
antibody.	A	diabody	is	a	non-covalent	crossover	dimer	of	two	polypeptides,	each	containing	a	
VH	and	a	VL	from	two	different	antibodies.	Bi-specific	antibodies	have	one	specificity	on	each	
arm,	which	is	derived	from	two	different	antibodies.	A	two-in-one	antibody	cross-react	with	
two	antigens	on	each	arm.	DVD-Ig	 is	an	artificial	antibody	having	 four	variable	 fragments.	
The	upper	 two	have	 specificity	 to	one	 target	and	 the	 lower	 two	have	 specificity	 to	another	
target.	 HcAb	 (heavy	 chain	 only	 antibody)	 are	 isolated	 from	 the	 serum	 of	 Camelidae	 and	
contain	 only	 heavy	 chains	 for	 interaction	 with	 antigens.	 IgNAR	 (Immunoglobulin	 new	
antigen	receptor)	are	antibodies	isolated	from	the	serum	of	sharks,	which	also	only	contain	
heavy	chains.	However,	they	have	five	constant	domains.	SdAb	(single	domain	antibody)	can	
be	derived	from	the	VH	domain	of	HcAbs,	IgNARs	or	common	IgGs.		

An	 alternative	way	 to	make	 an	 antibody	 targeting	 two	 different	 antigens	 is	 to	
graft	 the	 variable	 domain	 of	 one	 monoclonal	 antibody	 on	 top	 of	 another	
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monoclonal	 antibody,	 which	 is	 termed	 dual-variable-domain	 immunoglobulin	
(DVD-Ig)	 [73],	 [74](Figure	 2).	 Similar	 to	 bi-specific	 antibodies,	 a	 DVD-Ig	 often	
has	 superior	 anti-tumor	 activity	 compared	 with	 mono-specific	 antibodies.	 For	
example,	 an	 anti-EGFR	 and	 anti-HER3	DVD-Ig	 showed	more	 potent	 anti-tumor	
activity	by	means	of	proliferation	 inhibition,	apoptosis	 induction	and	enhanced	
internalization	 in	 vitro	 compared	 to	 each	 parental	 antibody	 alone	 or	 in	
combination	[74].		
Unlike	 the	 above-mentioned	 methods,	 which	 mainly	 combine	 existing	
monoclonal	 antibodies	 to	 acquire	 bi-specificity,	 a	 two-in-one	 antibody	 was	
generated	by	phage	display	to	have	cross-activity	to	two	antigens	[66]	(Figure	2).	
However,	 the	 generation	 of	 a	 two-in-one	 antibody	 requires	 considerable	
engineering	and	is	often	time	consuming.		
A	popular	type	of	minimized	antibody	is	the	single	chain	variable	fragment	(scFv)	
consisting	of	a	light	chain	variable	region	(VL)	and	a	heavy	chain	variable	region	
(VH)	linked	by	a	peptide	linker	[75].	The	much	smaller	size	of	scFv	compared	to	
the	full-length	antibody	results	in	more	rapid	tumor	penetration	[76].	However,	
scFvs	are	cleared	from	the	blood	much	faster	than	full-length	antibodies,	because	
of	the	smaller	size	and	lack	of	Fc	for	FcRn-mediated	protection	from	intracellular	
degradation	 [76].	 ScFvs	 are	 in	 many	 cases	 more	 suitable	 for	 diagnostic	
applications	than	full	antibodies,	which	will	be	discussed	later	in	this	chapter.	A	
version	of	scFvs	are	the	diabodies	where	the	linker	between	VH	and	VL	in	a	scFv	
has	been	shortened	to	an	extent	that	it	can	only	pair	with	another	scFv	molecule	
forming	non-covalent	dimers.	The	diabodies	may	either	be	bivalent	or	even	bi-
specific	 [77].	The	bi-specific	diabodies	are	 interesting	because	 they	are	usually	
easier	 to	 produce	 than	 bi-specific	 antibodies	 [77].	 A	 version	 of	 bi-specific	
antibodies	 that	 connects	 tumor	 cells	 with	 T	 cells	 are	 termed	 bi-specific	 T	 cell	
engagers	 (BiTEs).	 BiTE	 diabodies	 targeting	 tumor	 specific	 antigens	 (CD19,	
prostate	 specific	 membrane	 antigen	 (PSMA)	 or	 EGFR)	 and	 CD3	 on	 the	 T	 cell	
surface	 have	 been	 investigated	 for	 tumor	 therapy	 [78]–[80].	 Blinatumomab,	 a	
CD19/CD3	 BiTE,	 has	 been	 approved	 by	 the	 FDA	 for	 treatment	 of	 Acute	
lymphocytic	Leukemia	(ALL)	[81].		
Other	than	the	above-mentioned	antibody	fragments	consisting	of	paired	VL	and	
VH,	 single	monomeric	 variable	domains	 can	 also	 stand	 alone	 as	 binders,	which	
are	named	single-domain	antibodies	(SdAbs).	One	possible	way	to	produce	such	
SdAbs	 is	 to	 isolate	 VL	 or	 VH	 from	 conventional	 human	 or	 murine	 antibodies.	
However,	they	are	prone	to	aggregation	due	to	the	relatively	high	hydrophobicity	
of	 their	 dimerization	 surfaces.	 Another	 approach	 to	 make	 single-domain	
antibodies	is	to	isolate	VH	from	heavy	chain	only	antibodies	(HcAbs)	IgG2	or	IgG3	
from	Camelidae	[82]	and	IgNARs	(Immunoglobulin	new	antigen	receptors)	from	
sharks	 [83],	 which	 are	 naturally	 devoid	 of	 a	 light	 chain	 (Fig.	 2).	 The	 variable	
domain	 of	 the	 heavy	 chain	 of	 the	 heavy	 chain	 only	 camel	 antibody	 (VHH)	 is	
widely	known	as	a	nanobody,	which	is	only	~15	kDa	in	size	(Fig.	2).	Since	they	
lack	a	light	chain,	a	nanobody	only	contains	three	complementarity-determining	
regions	 (CDRs).	 However,	 the	 CDR1	 and	 CDR3	 loops	 are	 typically	 longer	 than	
conventional	VHs,	 providing	 adequate	 antigen	binding	 surfaces	with	 an	 area	 of	
600–800	Å2	[84].	



Antibodies	and	other	affinity	proteins	

	12	

Nanobodies	with	 high	 affinity	 and	 desired	 specificity	 can	 be	 easily	 selected	 by	
phage	 display	 techniques	 [85],	 [86].	 The	 selected	 nanobodies	 can	 be	 easily	
produced	 in	 bacteria,	 mammalian	 cells,	 or	 plants	 [87].	 During	 the	 last	 two	
decades,	 nanobodies	 targeting	 a	 variety	 of	molecules	 have	 been	 generated	 for	
biotechnological	and	medical	applications	[88].	Eight	nanobodies	are	currently	in	
clinical	development.	The	leading	nanobody	drug	caplacizumab	for	treatment	of	
acquired	thrombotic	thrombocytopenic	purpura	(aTTP)	has	shown	positive	top-
line	results	in	a	phase	III	study	and	is	expected	to	be	approved	by	the	authorities	
in	2018	[89].		

Another	branch	of	antibody	engineering	is	to	make	changes	to	Fc	to	modulate	the	
pharmacokinetic	 properties	 of	 antibodies,	 and	 the	 capability	 to	 elicit	 immune	
responses.	 IgG,	 the	most	often	used	type	of	 immunoglobulin,	naturally	has	 four	
subtypes,	 IgG1,	 IgG2,	 IgG3	 and	 IgG4	 having	 different	 half-life,	 complement	
fixation	ability	and	affinity	for	FcγRs	[58].	Therefore,	the	choice	of	subclass	of	IgG	
has	great	influence	on	the	properties	of	the	therapeutic	antibodies.	Out	of	the	78	
FDA	and	EMA	approved	therapeutic	mAbs,	48	are	of	the	IgG1	subtype	[64].	The	
reasons	 for	 choosing	 IgG1	 are	probably	 that	 they	have	 a	high	 ability	 to	 induce	
ADCC	and	CDC	activities,	and	has	high	affinity	for	FcRn	[90].	It	is	almost	always	
desired	 to	 have	 potent	 ADCC	 and	 CDC	 effects	 for	 cancer	 therapy.	 In	 order	 to	
enhance	 the	ADCC	 effect,	 the	 affinity	 between	FcγRs	 and	Fc	may	be	 increased.	
Engineered	 fucose	 deficient	 glycosylated	 IgGs	was	 found	 to	 have	 an	 enhanced	
ADCC	effector	activity	[91],	[92].	There	are	two	glycol-engineered	antibodies	that	
have	been	approved	for	clinical	use,	the	anti-CD20	mAb,	obinutuzumab	[93],	and	
the	 anti-CCR4	 mAb,	 mogamulizumab	 [94]	 A	 lot	 of	 other	 modifications	 and	
mutations	 to	 modulate	 antibody	 effector	 functions	 has	 been	 summarized	 by	
Wang	and	co-workers	[95]	

Antibodies	 are	 versatile	 proteins	 with	 several	 different	 regions	 binding	 to	
different	molecules	giving	it	different	functions.	There	are	numerous	variants	of	
antibodies	created,	many	of	which	are	aiming	for	use	in	diagnosis	or	treatment	of	
cancer.	The	proper	engineering	of	each	part	of	 an	antibody	makes	 it	better	 for	
the	purpose.		

2.3 Alternative	scaffolds	

Antibodies	have	achieved	great	success	in	targeted	tumor	therapy,	with	over	78	
antibodies	approved	by	the	FDA	and	a	lot	more	in	clinical	trials	[64],	[96],	[97].	
However,	 antibodies	 are	not	perfect	 for	 every	 application.	 First,	 antibodies	 are	
quite	large	molecules	(150	kDa)	giving	them	a	rather	poor	penetration	of	tumor	
tissues	 [98].	 Second,	 the	 cost-of-goods	 when	 producing	 antibodies	 is	 high,	
because	 most	 antibodies	 have	 to	 be	 produced	 in	 mammalian	 cells	 to	 get	 the	
correct	post-translational	modification	such	as	glycosylation,	pyroglutamylation,	
deamination	 of	 asparagine	 etc..	 The	 high	 price	 of	 antibody	 drugs	makes	 them	
available	only	to	a	small	portion	of	all	people	in	the	world.	Third,	because	of	the	
complex	 structure	 of	 antibodies,	 it	 has	 been	 proven	 difficult	 to	 produce	
homogeneous	antibody	drug	conjugates	(ADCs),	a	class	of	drugs	 I	will	describe	
later	in	the	text.	In	this	case,	the	conjugation	products	are	mixtures	of	antibodies	
with	different	number	of	drugs	attached	to	it	[99].	Finally,	many	antibody	drugs	
on	the	market	are	of	murine	origin,	either	murine-human	chimeric	antibodies	or	
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humanized	 murine	 antibodies.	 It	 takes	 a	 considerable	 effort	 to	 reduce	 the	
immunogenicity	of	the	original	murine	antibodies.		
With	 the	 accumulation	 of	 knowledge	 and	 the	 development	 of	 technologies	 to	
study	 molecular	 recognition	 mechanisms	 in	 general,	 we	 have	 become	 able	 to	
create	 non-Ig	 affinity	 proteins	 based	 on	 scaffolds	 from	 various	 origins	 [100]	
These	alternative	non-Ig	affinity	protein	scaffolds	are	able	to	specifically	bind	to	
an	antigen	with	high	affinity,	similar	to	antibodies.	Since	they	do	not	have	Fc,	the	
alternative	 scaffolds	 are	 beneficial	 in	 the	 cases	 where	 ADCC	 and	 CDC	 are	
undesired.	Unlike	antibodies,	 the	alternative	scaffolds	are	usually	much	smaller	
(<20	 kDa),	 therefore	 potentially	 having	 better	 tumor	 penetration	 [101].	 The	
small	 size	 of	 the	 alternative	 scaffolds	 also	 results	 in	 a	 fast	 clearance	 from	 the	
body,	 which	 is	 not	 necessarily	 a	 disadvantage,	 and	 depends	 on	 the	 intended	
application.	The	small	size	also	makes	it	possible	to	chemically	synthesize	some	
of	 the	 alternative	 scaffolds	 such	 as	 affibody	 molecules	 [102],	 allowing	 easy	
introduction	 of	 unnatural	 amino	 acids,	 if	 desired.	 The	 introduced	 unnatural	
amino	acids	could	be	used	for	specific	conjugation	of	drugs	or	imaging	probes.	In	
addition,	 most	 of	 the	 alternative	 scaffolds	 exhibit	 high	 thermo-stability	 [100].	
Another	 important	 feature	of	alternative	scaffolds	 is	that	the	production	cost	 is	
often	lower	than	that	of	antibodies,	because	they	can	often	be	easily	produced	in	
bacterial	 host	 cells	 such	 as	 Escherichia	 coli	 (E.	 coli),	 with	 a	 high	 yield.	 All	 the	
alternative	scaffolds	affinity	proteins	are	generated	by	directed	evolution	using	
in	vitro	display	technologies,	such	as	phage	display,	yeast	display	and	CIS	display	
etc,	with	few	exceptions	that	wild	types	were	taken	directly	as	drug.	Generally,	a	
two-step	process	is	used:	step	1)	generation	of	a	library	by	random	mutagenesis	
of	amino	acids	in	the	binding	surface,	step	2)	isolation	of	potential	binders	from	
the	 library	 by	 incubating	 the	 library	 with	 the	 target	 molecule	 during	 several	
rounds	of	selection.	

Although	 a	 number	 of	 alternative	 scaffolds	 have	 been	 developed,	 they	 can	 be	
classified	into	two	types	based	on	their	binding	surface:	i)	ligand-binding	amino	
acids	in	exposed	loops,	and	ii)	ligand-binding	amino	acids	in	secondary	structure	
elements.	 In	 the	 thesis	 I	 will	 not	 cover	 all	 the	 alternative	 scaffolds	 in	 each	
category,	but	I	will	discuss	some	important	examples.			

2.3.1 Adnectins	(monobody):	
Adnectins	are	alternative	scaffold	proteins	derived	from	the	tenth	domain	of	
fibronectin	type	III	(10Fn3),	which	naturally	binds	to	integrins	[103].	It	folds	into	
a	β-sandwich	structure	with	seven	strands	connected	by	six	loops,	similar	to	an	
antibody’s	variable	region	structure,	although	they	have	very	low	sequence	
homology	to	antibodies	and	an	Adnectin	has	no	disulfide	bonds	[104],	[105].	
Typically,	Adnectins	have	high	thermo-stability	with	a	Tm	>	80	°C	[106]	in	
reducing	condition	and	can	be	produced	with	high	yield	in	bacteria.	The	loops	
resemble	the	complementarity-determining	regions	(CDRs)	of	antibodies,	and	
are	thus	obvious	candidates	for	diversification	and	selection	of	Adnectins	against	
new	targets.	Some	of	the	non-loop	residues	have	also	been	found	to	be	involved	
in	interaction	with	the	targets	[107].	Adnectins	targeting	CD4,	tumor	necrosis	
factor-α	(TNF-α)	and	the	vascular	endothelial	growth	factor	receptor	2	(VEGFR2)	
with	affinities	ranging	from	pM	to	nM	has	been	generated	by	mRNA	display	
[108]–[110].	The	Adnectin	targeting	myostain	[111]	(BMS-986089)	for	
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treatment	of	Duchenne’s	muscular	dystrophy	(DMD)	is	currently	being	evaluated	
in	a	phase	II	clinical	trial	(NCT03039686).	

Figure	3.	Representative	3D	structures	of	some	alternative	scaffolds	(not	in	scale).	Adnectin	
(PDB	ID	1ttg),	anticalin	(PDB	ID	3bx7),	avimer	(PDB	ID	1ajj),	knottin	(PDB	ID	2it7),	DARPin	
(PDB	ID	4hrn),	Affibody	(PDB	ID	2kzj)	and	ABD	(PDB	ID	1gjs).		

2.3.2 Anticalins	(Affilins)	
Anticalins	 are	 derived	 from	 lipocalins	 (160-180	 amino	 acids),	 which	 exist	 in	
many	 organisms,	 including	 vertebrates,	 insects,	 plants	 and	 bacteria,	 serving	 as	
transportation	 or	 storage	 proteins	 of	 hydrophobic	 compounds	 [112].	 The	
lipocalins	share	a	β-barrel	structure	consisting	of	eight	antiparallel	β-strands;	a	
cup-like	structure	with	one	end	open	and	one	end	tightly	packed.	The	four	loops	
at	 the	open	end	exhibit	high	diversity	among	 the	 lipocalins,	both	 in	 length	and	
conformation,	despite	 the	highly	conserved	β-barrel	structure.	Normally,	16-24	
residues	on	 the	 four	 loops	 are	 randomized	 to	 generate	 an	Anticalin	 library	 for	
selection	 of	 binders	 [113].	 Phage	 display	 has	 been	 used	 to	 select	 Anticalins	
against	different	 therapeutic	 targets	obtaining	picomolar	affinity	binders	 [114],	
[115].	 Like	Adnectins,	Anticalins	 often	have	high	 thermo-stability	 (Tm	>	70	 °C)	
and	give	high	yield	 in	bacterial	production.	The	bi-specific	Anticalin	 (PRS-343)	
targeting	 CD137	 and	 HER2	 to	 engage	 CD137	 positive	 T-cells	 with	 HER2	
overexpressing	 tumor	 cells	 for	 treatment	 of	 HER2	 positive	 advanced	 or	
metastatic	solid	tumors	has	entered	a	phase	I	clinical	trial.		

2.3.3 Avimers	
Avimers	 are	 single	 chains	 of	 multimeric	 A-domains,	 which	 exist	 tandemly	
repeated	in	several	cell-surface	receptors,	such	as	in	the	low	density	lipoprotein	
receptor	(LDLR)	[116].	The	family	of	naturally	occurring	A-domains	bind	to	over	
100	know	targets,	including	small	molecules,	proteins	and	viruses	[117],	[118].	A	
typical	 A-domain	 comprises	 ~35	 amino	 acids	 (~4	 kDa),	 12	 of	 which	 form	 a	
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conserved	scaffold	motif	 including	 three	disulfide	bonds	and	a	calcium	binding	
site	[119].	The	rest	of	the	amino	acids	are	amenable	for	randomization	followed	
by	 selection	 for	 Avimers	 targeting	 new	 antigens.	 Since	 the	 A-domains	 always	
appear	 in	 the	 form	of	 tandem	multi-domains	 to	 increase	 the	avidity	effect,	 and	
the	size	of	one	A-domain	is	very	small,	Avimers	are	often	selected	in	a	multimeric	
context.	 After	 one	 round	 of	 selection,	 the	 enriched	 Avimer	 monomers	 are	
genetically	 fused	 to	 another	 pool	 of	 Avimer	 monomers	 (naïve	 or	 previously	
enriched)	and	then	subjected	to	another	round	of	selection	[120].	At	the	end	of	a	
successful	selection,	a	protein	containing	multiple	domains,	binding	to	different	
epitopes	on	a	 single	 target,	 is	acquired.	An	Avimer	 trimer	selected	against	 IL-6	
with	 low	picomolar	affinity	 [120]	entered	phase	 I	 clinical	 trial	 (NCT00353756)	
for	Crohn’s	disease	in	2006,	but	there	is	no	further	update	since	then.	Maybe	it	
has	to	do	with	the	acquisition	of	Avidia	Inc.,	a	company	commercializing	Avimer	
drugs	and	technology,	by	Amgen	Inc.	in	2006.	

2.3.4 Knottins	(Cystine	knot	miniproteins)	
Knottins,	also	known	as	inhibitor	cysteine-knots,	are	small	sized,	30	to	50	amino	
acids	long	proteins,	which	are	naturally	found	in	a	variety	of	organisms	serving	
as	 protease	 inhibitors,	 and	 antibacterial	 or	 antifungal	 agents	 [121].	 Knottins	
adopt	 a	 unique	 structure:	 one	 disulfide	 bond	 goes	 through	 the	 macro-circle	
formed	by	another	two	disulfide	bonds	forming	a	“knot”	 like	structure.	Owning	
to	this	cysteine	knot	structure,	knottins	are	often	highly	thermo-	and	chemically	
stable	 (Tm	>	80	 °C),	 thus	making	 them	good	candidates	 for	oral	administration	
[122],	[123].	Unlike	the	other	alternative	scaffolds,	which	are	often	selected	from	
a	 library,	 the	 surface	 exposed	 loops	 of	 knottins	may	 be	 grafted	 from	 a	 known	
peptide	 to	 acquire	 a	 desired	 specificity	 followed	 by	 a	 directed	 evolution	
approach	 to	 optimize	 the	 whole	 structure	 [124]–[126].	 Two	 naturally	 derived	
knottins	for	treatment	of	severe	chronic	pain	and	irritable	bowel	syndrome	with	
constipation	 (IBS-C)	 and	 chronic	 idiopathic	 constipation	 (CIC)	 have	 been	
approved	by	the	FDA	[127],	[128].		

2.3.5 DARPins	(Designed	ankyrin	repeat	proteins)	
The	 alternative	 scaffolds	 discussed	 above	 use	 loops	 to	 create	 the	 binding	
surfaces.	 Designed	 ankyrin	 repeat	 proteins	 (DARPins)	 can	 be	 considered	 a	
hybrid	 between	 loop-based	 and	 secondary	 structure	 element-based	 binding	
surfaces.	DARPins	are	derived	from	naturally	occurring	ankyrin	repeat	proteins	
mediating	 high-affinity	 protein-protein	 interactions	 in	 almost	 all	 organisms	
[129].	DARPins	usually	 consist	of	 four	or	 five	 repeats,	 including	one	N-capping	
repeat,	one	C-capping	repeat	and	two	or	three	internal	repeats,	each	having	a	β-
turn	 followed	 by	 two	 anti-parallel	 α-helix-loop	 structure	 motifs	 and	 a	 loop	
connecting	to	the	next	repeat	[130].	Each	repeat	consists	of	33	amino	acids,	six	of	
which	 are	 involved	 in	 interaction	 with	 the	 target	 [130].	 The	 backbone	 of	
DARPins	was	designed	through	a	consensus	strategy,	where	several	amino	acid	
sequences	 of	 different	 DARPins	 of	 different	 origins	 were	 aligned,	 followed	 by	
identification	 of	 dominantly	 appearing	 amino	 acids	 in	 each	 position	 [131].	
DARPins	are	often	highly	thermostable	with	up	to	90	°C	Tm	and	can	yield	up	to	
200	mg/L	by	E.	coli	production	in	shake	flasks	[130].	DARPins	targeting	a	variety	
of	 antigens	 have	 been	 selected	 by	 phage	 display	 and	 ribosome	 display	
technologies	 [132].	 The	 anti-tumor	 DARPin	 drugs	 that	 is	 most	 advanced	 in	
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clinical	development	is	a	tri-specific	fusion	protein	(MP0250)	[133]	consisting	an	
anti-hepatocyte	growth	factor	(HGF),	an	anti-vascular	endothelial	growth	factor-
A	(VEGF-A),	and	two	anti-HSA	DARPin	domains,	for	treatment	of	refractory	and	
relapsed	multiple	myeloma.	It	is	in	a	phase	II	clinical	trial.	The	only	DARPin	drug	
that	 has	 entered	 a	 phase	 III	 clinical	 trial	 is	 a	 PEGylated	 anti-VEGF	 DARPin	
(Abicipar	 Pegol)	 for	 treatment	 of	 wet	 age-related	 macular	 degeneration	 (wet	
AMD)	and	diabetic	macular	edema	(DME).	The	results	for	Abicipar	has	shown	it	
has	 the	 potential	 to	 provide	 at	 least	 equal	 and	 potentially	 higher	 vision	 gains	
with	 fewer	 injections	 in	 wet	 AMD	 compared	 to	 standard	 of	 care	 treatment	
Lucentis®	(ranibizumab)	and	that	 it	can	reduce	retinal	edema	in	DME	for	up	to	
12-16	weeks	[134].	

2.3.6 Affibody	molecules	
Affibody	molecules	belong	to	a	class	of	alternative	scaffold	proteins,	investigated	
in	 the	 studies	 of	 this	 thesis.	 The	 affibody	 scaffold,	 also	denoted	domain	Z,	was	
originally	derived	from	the	B	domain	of	staphylococcal	protein	A,	which	binds	to	
immunoglobulins	 in	 the	Fc	and	Fab	 regions	 [135]–[137].	Protein	A	 is	naturally	
expressed	 on	 the	 surface	 of	 some	 staphylococci	 to	 help	 them	 escape	 from	
immune	surveillance	by	binding	 to	 immunoglobulins	 [137].	Affibody	molecules	
are	small	proteins	(~7	kDa),	consisting	of	58	amino	acids	folded	into	a	three	α-
helical	 bundle	 structure.	 The	 rigidity	 of	 its	 structure	 makes	 it	 possible	 to	
accommodate	 several	mutations	without	destroying	 its	 structural	 integrity	and	
decreasing	 the	 stability	 too	much.	 To	 create	 an	 affibody	molecule	 binding	 to	 a	
desired	 target,	 13	 surface	 exposed	 residuals	 on	 helix	 1	 and	 helix	 2,	 which	
normally	bind	 to	Fc,	are	 typically	randomized	 to	generate	a	 library	 [138][136].	
The	libraries	are	mostly	displayed	on	phage	but,	in	some	cases	on	staphylococci,	
ribosomes	or	yeast,	and	then	subjected	to	biopanning	or	fluorescence-activated	
cell	 sorting	 (FACS)	 to	 enrich	 binders	 to	 various	 targets	 [139].	 Most	 of	 the	
selected	affibody	molecules	keep	 the	 three	α-helical	 structures,	however,	 there	
are	some	exceptions,	where	helix	1	becomes	a	β-sheet,	which	will	be	discussed	
later.	 The	 scaffold	 of	 an	 affibody	 molecule	 has	 been	 further	 optimized	 using	
extensive	 structural	 modeling,	 resulting	 in	 molecules	 with	 elevated	 Tm	 and	
hydrophilicity	[140].	The	small	size	and	fast	folding	nature	of	affibody	molecules	
enable	 chemical	 synthesis,	 which	 may	 be	 used	 to	 introduce	 unnatural	 amino	
acids.	This	will	also	be	further	discussed	later.		
There	are	a	number	of	affibody	molecules	targeting	around	40	disease	relevant	
targets	 reported	 in	 the	 past	 20	 years	 [139].	 One	 affibody	 molecule	 has	 even	
reached	a	phase	III	clinical	trial.	It	is	an	anti-HER2	affibody	molecule	conjugated	
with	 radionuclides,	 denoted	 ABY-025,	 for	 breast	 cancer	 imaging	 [141].	 It	 was	
radiolabeled	with	 68Ga	 and	 111In	 	 for	positron	emission	 tomography	 (PET)	 and	
single-photon	 emission	 computed	 tomography	 (SPECT)	 imaging,	 respectively	
[141],	[142].	As	soon	as	1	h	post	injection,	PET	imaging	could	reveal	the	positions	
of	 the	HER2	expressing	tumor,	and	even	metastases	with	 low	HER2	expression	
could	be	detected	[141],	[142].	The	anti-HER2	affibody	molecules	were	used	as	
targeting	domains	 in	paper	 I	and	 II	 in	 this	 thesis.	The	clinically	most	advanced	
therapeutic	affibody	molecule	is	a	dimeric	anti-IL17	affibody	molecule	in	fusion	
with	ABD,	denoted	ABY-035.	It	has	entered	a	phase	II	clinic	trial	to	evaluate	the	
effectiveness	 to	 plaque	 psoriasis	 [143].	 Affibody	 molecules	 have	 several	
advantages	over	antibodies	 for	molecular	 imaging	of	 tumors.	First,	 the	affibody	
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molecules	are	much	smaller	 than	antibodies,	below	 the	kidney	 filtration	cutoff,	
and	 are	 thus	 cleared	 from	 circulation	 very	 fast.	 This	 provides	 for	 a	 low	
background	signal	and	higher	imaging	contrast	only	a	short	time	after	injection	
of	 the	 imaging	 agent.	 Since	 the	 affibody	 scaffold	 is	 cysteine	 free,	 it	 makes	 it	
possible	 to	 introduce	 a	 unique	 cysteine	 at	 many	 possible	 positions,	 for	
homogeneous	 and	 site-specific	 radiolabeling	 [144].	 A	 recently	 reported	 new	
affibody	 imaging	 concept,	 is	 based	 on	 affibody-PNA	 pre-targeting	 [145]–[147].	
Instead	 of	 direct	 conjugation	 of	 a	 radionuclide	 to	 the	 affibody	 molecule,	 the	
radionuclides	 are	 conjugated	 on	 a	 peptide	 nucleic	 acid	 (PNA)	 fragment,	which	
has	 a	 complementary	 sequence	 conjugated	 with	 the	 affibody	 molecule.	 The	
tumor	 is	 first	 saturated	 with	 affibody-PNA	 and	 then	 the	 PNA-radionuclide	
conjugate	 is	 injected	 for	 imaging.	 Because	 the	 PNA-radionuclide	 is	 small	 and	
highly	hydrophilic,	 it	has	low	unspecific	uptake	in	most	organs	and	is	therefore	
cleared	 from	the	body	shortly	after	 injection.	The	blood	and	kidney	uptake	are	
50	and	2-fold	lower	compared	to	directly	labeled	affibody	molecules	[145],	[147].	
Some	affibody	molecules	do	not	only	bind	to	their	target	but	also	interferes	with	
the	 function	of	 the	 targets,	e.g.	by	 inhibiting	signaling	by	cell	surface	receptors.	
Two	 affibody	 molecules	 binding	 to	 two	 different	 epitopes	 on	 VEGFR2	 were	
generated	by	phage	display	[148].	The	biparatopic	heterodimer	with	an	albumin	
binding	domain	(ABD)	in	between	showed	2	orders	of	magnitude	higher	affinity	
than	 either	 of	 the	 monomers.	 In	 addition,	 it	 could	 inhibit	 ligand	 induced	
phosphorylation	of	VEGFR2	with	a	potency	as	efficient	as	the	FDA	approved	anti-
VEGFR2	 antibody,	 ramucirumab	 [149].	 Besides	 the	 anti-VEGFR2	 affibody	
molecules;	anti-HER3,	platelet-derived	growth	 factor	receptor	β	(PDGFRβ),	and	
insulin-like	 growth	 factor-1	 receptor	 (IGF1R)	 binding	 affibody	molecules	 have	
also	 shown	 inhibition	 of	 tumor	 cell	 growth	 by	 blocking	 their	 ligands	 binding	
[150]–[152].	

One	affibody	molecule	with	a	“special”	structure	is	the	variant	generated	to	bind	
to	 the	Alzheimer’s	disease	 (AD)	related	amyloid	β	 (Aβ)	peptide	 (denoted	ZAβ3),	
which	has	a	β	sheet-α	helix-α	helix	structure	rather	than	the	normal	three	α-helix	
bundle	 structure	 [153],	 [154].	 Besides	 this	 structural	 difference,	 ZAβ3	was	 also	
probably	 selected	 in	 a	 disulfide	 bond	 bridged	 dimer	 format,	 since	 cysteine	
appeared	at	the	same	position	in	all	the	selected	clones.	The	dimeric	ZAβ3	affibody	
molecule	showed	much	higher	affinity	for	the	Aβ	peptide	than	monomeric	ZAβ3.	A	
structural	analysis	showed	that	the	dimeric	ZAβ3	bound	to	Aβ	in	a	sandwich	like	
manner,	with	 Aβ	 as	 “meat”	 in	 between	 the	 ZAβ3	 dimer	 “bread”	 [153].	 The	 ZAβ3	
dimer	was	 later	optimized	by	 reformatting	 into	 a	head-to-tail	 dimer,	 removing	
unstructured	parts	to	decrease	the	size,	and	improving	the	affinity	to	300	pM	by	
affinity	maturation	(denoted	ZSYM73)	[155].	ZSYM73	fused	with	an	albumin	binding	
domain	 (ABD)	 has	 shown	 significant	 reduction	 of	 the	 amyloid	 burden	 in	 a	
transgenic	 mouse	 AD	 model	 at	 the	 start	 of	 pathology	 development	 with	 no	
detectable	 toxicity	 [156].	 The	 anti-Aβ	 Affibody	 molecule	 has	 not	 only	 shown	
promising	 results	 in	 preclinical	 models,	 but	 also	 expanded	 the	 structural	
possibilities	of	affibody	molecules	 from	an	engineering	point	of	view.	Based	on	
the	anti-Aβ	affibody	molecule,	affibody	molecules	targeting	tau	[157],	α-synulein	
[158],	 and	 human	 islet	 amyloid	 polypeptide	 (IAPP)	 [159],	 which	 have	 similar	
structures	to	the	Aβ	peptide,	have	been	generated.		
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2.3.7 Albumin	binding	domains	(ABDs)	
Albumin	 binding	 proteins	 are	 expressed	 on	 the	 surface	 of	many	 gram-positive	
bacteria,	 functioning	 as	 camouflage	 to	 evade	 the	 host	 immune	 system	 and	
potentially	 also	 scavenge	 protein-bound	 nutrients	 [160]–[162].	 The	 albumin	
binding	 proteins	 may	 contain	 up	 to	 44	 tandemly	 repeated	 albumin-binding	
domains	(ABDs)	[163].	The	C-terminal	ABD3	from	Streptococcal	protein	G	(SPG)	
(denoted	 G148-ABD)	 [164],	 [165]	 and	 protein	 G-related	 albumin-binding	 (GA)	
module	from	protein	PAB	(peptostreptococcal	albumin-binding)	of	the	anaerobic	
bacterium	Finegoldia	magna	 (denoted	ALB-GA)	 [166]–[168]	are	 two	ABDs	 that	
have	 been	 thoroughly	 investigated	 both	 structurally	 and	 functionally.	
Historically,	the	ABDs	have	been	used	to	for	example	purify	or	deplete	albumin	
from	 serum	 to	 facilitate	 proteome	 analysis	 of	 biomarker	 proteins.	 Later	 the	
albumin-binding	 region	 was	 used	 as	 a	 fusion	 partner	 during	 recombinant	
protein	production	to	facilitate	target	protein	purification	and	increase	solubility,	
or	 used	 for	 directed	 immobilization	 [169]–[171].	 Therapeutic	 relevant	
applications	 of	 ABDs	 are	 to	 use	 them	 for	 half-life	 extension	 of	 therapeutic	
proteins.	 Like	 immunoglobulins,	 serum	 albumin	 has	 a	 long	 19	 day	 half-life	 in	
circulation,	since	the	molecular	weight	of	albumin	is	over	the	kidney	cutoff	and	
albumins	are	also	rescued	by	FcRn	from	lysosomal	degradation	[172].	Therefore,	
non-covalent	binding	to	serum	albumin	via	ABD	may	be	used	to	prolong	the	half-
life	of	therapeutics	[173].	Although	it	has	been	shown	that	increasing	the	affinity	
and	 valency	 of	 ABD	 to	 serum	 albumin	 only	 resulted	 in	 a	marginal	 increase	 of	
half-life	 [174],	 it	 is	 still	 interesting	 to	 increase	 the	 affinity,	 because	 the	 affinity	
may	be	reduced	in	the	context	of	a	fusion	protein.	Therefore,	G148-ABD	was	used	
as	a	template	to	generate	a	library	followed	by	selection	for	ABDs	with	improved	
affinity	 to	 human	 serum	 albumin	 (HSA)	 by	 a	 combination	 of	 combinatorial	
engineering	and	rational	design	[175].	One	selected	variant	denoted	ABD035	has	
an	apparent	affinity	for	HSA	in	the	range	of	50-500	fM,	which	is	several	orders	of	
magnitude	 stronger	 affinity	 than	 the	wild-type	domain	 (KD=	1nM)	 [175].	 Since	
ABD	 is	 derived	 from	 a	 bacterial	 protein,	 which	 is	 potentially	 immunogenic,	
ABD035	 was	 subjected	 to	 a	 deimmunization	 procedure	 and	 a	 variant	 denoted	
ABD094	with	no	T	cell	stimulation	was	obtained	(Affibody	AB,	unpublished	data).		

2.3.8 ABD-Derived	Affinity	Proteins	(ADAPTs)	
Besides	 binding	 to	 serum	 albumin,	 ABD	 has	 also	 been	 shown	 to	 be	 a	 good	
alternative	scaffold	affinity	protein,	a	class	termed	ABD-Derived	Affinity	Proteins	
(ADAPTs).	The	G148-ABD	scaffold,	which	adopts	a	three	α-helix	bundle	structure	
similar	to	affibody	molecules,	was	used	as	a	template	for	engineering.	However,	
it	is	only	46	amino	acids	(~5	kDa),	even	smaller	than	affibody	molecules	(~7	kDa)	
[164].	 The	 binding	 surface	 for	 albumin	 in	G148-ABD	 resides	 on	 helix	 2	 and	 the	
loop	 connecting	 helix	 2	 and	 helix	 3	 [161],	 [176].	 In	 order	 to	 engineer	 mono-
specific	ADAPTs,	11	surface	exposed	residues	distributed	on	helix	2,	helix	3	and	
the	 interconnecting	 loop,	 covering	 the	 original	 albumin	 binding	 surface,	 were	
randomized	 and	 the	 library	 was	 screened	 for	 binders	 to	 interferion-γ	 using	
ribosome	 display	 [177].	 The	 acquired	 binders	 had	 low	 nanomolar	 binding	
affinity	to	interferon-γ	and	lost	the	affinity	to	albumin.	A	more	challenging	work	
was	 to	 introduce	 a	 new	 binding	 site	 while	 retaining	 the	 affinity	 for	 albumin.	
Since	only	helix	2	and	the	loop	following	it	are	essential	for	binding	to	albumin,	a	
total	 of	 11	 residues	 on	 helix	 1	 and	 3	 were	 subjected	 to	 randomization	 and	
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screened	for	binders	to	several	targets.	This	resulted	in	ADAPTs	with	nanomolar	
affinity	 for	 tumor	 necrosis	 factor	 α	 (TNF-α),	 HER2	 and	 HER3	 and	 retained	
affinity	 for	HSA	 [177]–[179].	 Although	 binding	 to	 albumin	may	 be	 a	 beneficial	
feature	for	therapy	applications,	it	raises	the	background	signal	if	employed	for	
tumor	 imaging.	 An	 ADAPT	 targeting	 HER2	 with	 abolished	 affinity	 to	 albumin,	
denoted	 ADAPT6,	 was	 conjugated	 to	 68Ga	 for	 HER2-expressing	 tumor	 imaging	
[180].	 ADAPT6	 has	 an	 even	 faster	 clearance	 from	 circulation	 than	 affibody	
molecules,	enabling	high	contrast	imaging	1	h	post	injection.	ADAPT6	is	used	as	a	
targeting	domain	in	one	of	the	studies	in	this	thesis	(Paper	III).	 	
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Chapter	3	

3 Antibody	 drug	 conjugates	 (ADCs)	 and	
alternative	scaffold	drug	conjugates	

As	discussed	in	the	last	chapter,	monoclonal	antibodies	have	become	one	of	the	
mainstream	types	of	drugs	for	targeted	cancer	therapy.	However,	only	mAbs	for	
treatment	of	hematological	cancers	have	shown	strong	effects	as	a	single	agent.	
For	 example,	 rituximab	 treatment	 for	 B-cell	 lymphomas	 [181].	When	 they	 are	
used	as	the	single	agent	for	treatment	of	solid	tumors,	trastuzumab	for	example	
treatment	for	breast	cancer,	they	only	showed	modest	anti-tumor	activity	[182].	
These	mAbs	are	usually	used	in	combination	with	traditional	chemotherapeutic	
drugs	in	the	clinic	to	achieve	compelling	results.	A	study	of	pharmacokinetics	of	
chemotherapeutic	 drugs,	 such	 as	 doxorubicin,	 illustrated	 that	 the	 accumulated	
dose	 in	 the	 tumor	 was	 just	 corresponding	 to	 5-10%	 of	 the	 accumulation	 in	
healthy	tissue	[183].	One	possible	way	to	increase	the	therapeutic	effect	of	mAbs	
while	 minimizing	 systemic	 toxicity	 is	 to	 arm	 the	 naked	 mAbs	 with	 cytotoxic	
drugs.	Such	molecules	are	called	antibody	drug	conjugates	(ADCs).	The	idea	is	to	
use	mAbs	 to	 deliver	 the	 cytotoxic	 drug	 to	 the	 tumor	 and	 then	 the	 drug	 takes	
effect	in	the	tumor	cells.	It	combines	specificity	and	favorable	pharmacokinetics	
of	mAbs	with	the	high	cytotoxicity	of	the	small-molecule	cytotoxic	drug.	In	order	
to	 fulfill	 this	 idea,	 several	 factors	 should	 be	 taken	 into	 consideration.	 1)	 A	
suitable	 target	 should	 be	 selected.	 The	 targets	 are	 most	 often	 cell	 surface	
receptors	with	differential	 expression	on	 tumor	 cells,	 directing	 the	drug	 to	 the	
tumor.	Since	all	cytotoxic	drugs	need	to	take	action	intracellularly,	it	is	beneficial	
to	 target	 receptors	 with	 a	 fast	 internalization	 rate.	 2)	 The	 linker	 and	 the	
chemistry	 used	 to	 covalently	 attach	 the	 payload.	 A	 simple,	 fast,	 efficient	 and	
homogeneous	 conjugation	 procedure	 is	 desired.	 They	 also	 need	 to	 be	 stable	
enough	under	physiological	conditions	to	avoid	premature	release	of	the	payload	
in	 circulation.	 3)	 The	 payloads	 should	 be	 highly	 toxic	 (pico	 to	 nanomolar	 IC50	
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values)	and	amenable	to	conjugation,	retaining	the	cytotoxicity	even	with	some	
extent	of	modification	(e.g.	linker	attachment).		
Actually,	the	idea	of	ADCs	is	not	new,	the	first	ADC	was	produced	in	late	1950s	
and	the	first	covalently	linked	ADC	tested	in	an	animal	was	injected	in	the	1970s	
[184].	However,	 early	 attempts	 of	 generating	ADCs	were	not	 successful	 due	 to	
many	reasons,	including	immunogenicity	of	the	chimeric	antibodies,	insufficient	
potency	of	the	payloads,	instability	of	the	linkers	and	bad	choice	of	targets	[185].	
Based	 on	 the	 lessons	 learned	 from	 the	 first	 generation	 ADCs,	 the	 second	
generation	 ADCs,	 had	 much	 better	 therapeutic	 profile	 and	 four	 of	 them	 have	
been	 approved	 by	 the	 FDA:	 ado-trastuzumab	 emtansine	 (T-DM1,	 commercial	
name	Kadcyla®)	[46],	brentuximab	vedotin	(commercial	name	Adcetris®)	[186],	
inotuzumab	ozogamicin	(commercial	name	Besponsa®)	[187]	and	gemtuzumab	
ozogamicin	(commercial	name	Mylotarg®)	[188].	Since	the	approval	of	these	four	
ADCs,	this	field	has	attracted	a	lot	attention	from	both	academics	and	industries,	
with	 more	 than	 30	 ADCs	 entered	 clinical	 development	 and	 more	 than	 60	 in	
clinical	trials	[189].	 It	 is	also	an	attractive	idea	to	conjugate	alternative	scaffold	
affinity	proteins	with	drugs	as	alternatives	of	ADCs.		

3.1 Elements	of	an	ADC	

An	ADC	consists	of	three	components,	an	antibody,	a	 liker	and	a	cytotoxic	drug	
(Figure	4).	The	antibody	has	the	function	of	delivering	the	cytotoxic	drug	to	the	
tumor	cells	and	may	also	have	an	anti-tumor	effect	by	itself.	The	cytotoxic	drugs	
are	 the	 effectors,	 which	 kill	 the	 tumor	 cells.	 There	 are	 cytotoxic	 drugs	 with	
several	different	mechanisms	of	action	(MOA).	Linkers	act	as	chemical	handles	to	
join	antibodies	with	drugs.	Although	it	might	seem	easy	to	make	a	combination	
of	 three	 components	 into	 an	 ADC,	 in	 practice,	 it	 is	 not	 easy	 to	 generate	 an	
effective	ADC.	The	detailed	influencing	factors	of	ADCs	will	be	discussed	here.	

Figure	4.	 Illustrative	 structure	of	ADCs.	The	antibody	binds	 to	 tumor	 specific	 or	associated	
antigens.	 The	 linker	 joins	 the	 cytotoxic	 drug	 and	 the	 antibody.	 The	 payload	 is	 a	 cytotoxic	
drug	taking	action	in	the	cytoplasm	of	tumor	cells,	causing	cell	death.	

3.1.1 Targets	of	ADCs	
The	classic	criteria	of	a	good	tumor	antigen	for	ADCs	were:	(i)	higher	expression	
in	 tumor	 versus	 normal	 tissues,	 (ii)	 cell	 surface	 expressed	 and	 (iii)	
internalization	 into	 cells.	 The	 tumor	 antigens	 should	 ideally	 exist	 only,	 or	 in	
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higher	amounts	on	 tumor	cells	 than	on	normal	cells,	or	at	 least	have	restricted	
expression	in	a	particular	type	of	tissue,	so	that	the	off-target	effect	is	low	[190].	
The	 tumor	 antigens	 expressed	on	 the	 cell	 surface	 are	more	 accessible	 to	ADCs	
than	 targets	 in	 cytoplasm.	 Nearly	 all	 the	 cytotoxic	 drugs	 take	 effects	 in	 the	
cytoplasm;	 therefore,	 the	 tumor	 antigens	must	 be	 internalized,	 preferably	 fast.	
However,	ADCs	can	work	regardless	of	some	of	these	criteria.	A	survey	of	tumor-	
and	normal	 tissue	expression	profiles	of	potential	 targets	showed	a	very	broad	
range	 of	 expression,	with	 a	 64-fold	 difference	 between	median	CD70	 in	 tumor	
versus	 normal	 and	 less	 than	 2-fold	 difference	 between	median	 HER2	 levels	 in	
tumor	 versus	 normal	 [190].	 The	 linkers	 and	 the	 cytotoxic	 drugs	 further	
complicate	 the	efficacy	and	safety	profile	of	an	ADC,	since	 they	have	 impact	on	
the	pharmacokinetics	and	pharmacodynamics	of	ADCs.		
Although	 the	 median	 HER2	 levels	 of	 tumor	 versus	 normal	 is	 very	 low,	
trastuzumab-DM1	 (Kadcyla®)	 targeting	 HER2	was	 the	 first	 ADC	 that	 the	 FDA	
approved	for	treatment	of	a	solid	tumor.	One	of	the	reasons	for	choosing	HER2	
as	 target	 was	 probably	 that	 HER2	 overexpressing	 tumor	 cells	 have	 a	
dramatically	high	HER2	expression	in	around	20-30%	of	all	breast	cancer	cases	
[191],	 which	 enables	 Kadcyla®	 to	 deliver	 a	 sufficient	 amount	 of	 the	 cytotoxic	
payload	DM1	to	HER2	high-expression	tumor	cells	while	sparing	the	normal	cells	
with	 lower	HER2	expression.	The	properties	of	 the	cytotoxic	payload	DM1	and	
the	linker	SMCC	also	have	great	influence	on	the	dose	that	can	be	administrated	
before	severe	side	effects	appear,	or	dose	limiting	toxicity	(DLT).			

Most	ADCs	need	to	be	internalized	to	release	the	cytotoxic	drugs.	However,	there	
are	 exceptions	 that	 ADCs	 targeting	 non-internalizing	 antigens	 displayed	
significant	 toxicity	 by	 strong	 “bystander	 effect”	 [192].	 This	 will	 be	 discussed	
further	in	the	linker	design	section.	

3.1.2 Linkers	of	ADCs	
Since	there	are	limited	types	of	reactive	functional	groups	in	natural	amino	acids,	
a	 linker	 is	 needed	 to	 connect	 the	 antibodies	 with	 various	 drugs.	 The	 most	
commonly	used	side	chains	for	drug	attachment	are	the	primary	amine	group	on	
lysines	 and	 sulfhydryl	 group	 on	 cysteines.	 It	 is	 also	 possible	 to	 genetically	
introduce	 unnatural	 amino	 acid	 into	 antibodies	 and	 have	 an	 unique	 chemistry	
reaction	 connecting	 the	 linker	 to	 the	 antibody	 [193],	 [194].	 The	 choice	 of	 the	
linker	 conjugation	 chemistry	determines	 the	drug	 to	 antibody	 ratio	 (DAR)	 and	
the	homogeneity	of	the	ADCs.	Actually,	one	of	the	major	efforts	of	linker	design	is	
to	achieve	homogeneous	conjugation.	Linkers	also	determine	the	stability	of	the	
drug-antibody	bond,	which	should	be	stable	in	circulation	and	efficiently	cleaved	
upon	 delivery	 to	 the	 target	 cells.	 The	 linker	 design	 could	 also	 contribute	 to	
overcoming	 multidrug	 resistance.	 There	 are	 a	 variety	 of	 linkers	 available	 for	
optimal	 performance	 of	 an	 ADC	 for	 a	 certain	 tumor,	 however,	 a	 lot	 of	
experiments	need	to	be	done	to	find	out.		

3.1.2.1 Non-cleavable	linkers		
A	non-cleavable	 linker	means	 that	 the	 linker	 is	 still	 attached	 to	 the	drug	when	
the	 antibody	 is	 degraded	 in	 the	 lysosomes	 of	 the	 tumor	 cells.	 N-
hydroxysuccinimide	 esters	 (NHS	 esters)	 are	 the	most	 often	 used	 to	 form	 non-
cleavable	 amide	 bonds	 with	 lysines	 on	 antibodies	 (figure	 5).	 And	 a	 thioether	
bond	is	the	most	commonly	used	non-cleavable	chemical	bond	between	linkers,	
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drugs	and	 cysteines	on	antibodies.	The	maleimide	or	haloacetamide	groups	on	
the	 linker	 react	with	a	 sulfhydryl	group	either	on	 the	drug	or	on	 the	antibody.	
Two	examples	of	non-cleavable	linkers	are	succinimidyl-4-(N-maleimidomethyl)	
cyclohexane-1-carboxylate	 (SMCC)	used	 in	T-DM1	 [195]	 and	maleimidocaproic	
acid	used	 in	anti-CD30-mcMMAF	 [196].	The	SMCC	 linker	 forms	an	amide	bond	
with	 primary	 amine	 groups	 on	 trastuzumab	 and	 forms	 a	 thioether	 bond	 with	
DM1.	 There	 are	 an	 average	 of	 3.5	 DM1	 molecules	 on	 each	 T-DM1	 [195].	 On	
average	4	molecules	of	mcMMAF	are	conjugated	with	cysteines	of	one	anti-CD30	
antibody,	via	a	thioether	bond	[196].	When	T-DM1	and	anti-CD30-mcMMAF	get	
internalized	 and	degraded	 in	 the	 lysosome,	 their	 degradation	 products,	 lysine-
SMCC-DM1	and	cysteine-mcMMAF,	is	released	and	diffuse	into	the	cytoplasm	to	
inhibit	 cell	 division	 [196],	 [197].	 The	 lysosomal	 degradation	 products	 of	 these	
ADCs	 cannot	 diffuse	 to	 neighboring	 cells,	 because	 charged	 lysines	 or	 cysteines	
are	 in	connection	with	the	drug-linker	complex	and	unable	to	pass	through	the	
cell	 membrane	 [198],	 leading	 to	 that	 non-cleavable	 linkers	 normally	 do	 not	
endow	ADCs	with	a	“by-stander”	effect.		

The	 non-cleavable	 linker	 was	 designed	 to	 minimize	 premature	 release	 of	 the	
drug	when	in	circulation,	however,	the	maleimide-based	linker	was	still	found	to	
gradually	 lose	 payloads	 via	 a	 retro-Michael	 type	 reaction	 [199].	 The	 loss	 of	
payload	 in	 circulation	 could	 lead	 to	 decreased	 efficacy	 and	 tolerance	 [200].	 It	
was	 found	 that	 the	 retro-Michael	 type	 reaction	 cannot	 happen	 when	 the	
maleimide-thioether	bond	slowly	hydrolyzes	by	a	ring-opening	reaction	[199].	A	
mild	 method,	 for	 example	 incubation	 of	 ADC	 under	 37	 °C,	 pH=9.2,	 was	
demonstrated	to	speed	up	the	hydrolysis	reaction	to	improve	the	stability	of	the	
maleimide-thioether	 conjugation	 [199].	 There	 are	 also	 modified	 maleimide-
based	linkers	[201],	[202],	with	increased	rate	of	hydrolysis,	and	non-maleimide-
based	linkers	[200][203]	to	address	the	stability	issue.		
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Figure	5.	Linkers	employed	in	ADCs	under	clinical	developments.	

3.1.2.2 Cleavable	linkers	

3.1.2.2.1 Disulfide	cleavable	linkers:	

The	drugs	can	be	attached	to	antibodies	via	disulfide	bonds	similar	to	disulfide	
bridges	in	proteins.	The	disulfide	bond	is	stable	to	some	extent	in	circulation	but	
is	 reduced	 upon	 internalization	 to	 release	 the	 drug,	 since	 the	 intracellular	
reducing	 agent	 glutathione	 (GSH)	 is	 about	 1,000-fold	 higher	 in	 concentration	
than	 the	 most	 abundant	 reducing	 agent	 cysteine,	 in	 blood	 [204],	 [205].	 The	
susceptibility	 of	 the	 disulfide	 linker	 to	 reducing	 agents	 can	 be	 tuned	 by	
incorporation	of	methyl	groups	on	carbon	atoms	adjacent	to	the	disulfide	bond	
to	 increase	 the	 steric	 hindrance	 for	 reducing	 agents.	 The	maximum	number	of	
methyl	groups	that	can	be	introduced	is	four,	two	on	the	antibody	side	and	two	
on	the	cytotoxic	drug	side.	The	relative	stability	of	a	disulfide	bond	surrounded	
by	 four	methyl	 groups	 to	 the	 reducing	 agent	 DTT,	 is	 more	 than	 22,000	 times	
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higher	than	a	disulfide	bond	with	no	methyl	group,	demonstrating	a	large	range	
of	adjustability	of	the	disulfide	bond	linker	stability	[206].	One	advantage	of	the	
cleavable	 disulfide	 linker	 is	 that	 the	 released	 cytotoxic	 drug	 may	 diffuse	 to	
neighboring	 tumor	 cells,	 which	 is	 the	 so-called	 ‘by-stander’	 effect.	 The	 “by-
stander”	 effect	 is	 especially	 desirable	 when	 the	 tumors	 express	 the	 tumor	
antigen	 heterogeneously.	 It	 was	 observed	 that	 the	 anti-CanAg-DM1	 conjugate	
(targeting	 a	 novel	 glycoform	 of	 MUC1,	 which	 is	 strongly	 expressed	 in	 most	
pancreatic,	 biliary	 and	 colorectal	 cancers)	 with	 a	 disulfide	 linker,	 had	 the	 ‘by-
stander’	effect	while	the	one	with	a	non-cleavable	linker	had	not	[207].		

3.1.2.2.2 Cleavable	peptide	linker:		

The	only	cleavable	peptide	linker	used	in	ADCs	so	far	consists	of	valine-citrulline	
(vc),	 a	 protease-sensitive	 dipeptide.	 The	 FDA	 approved	 ADC,	 brentuximab	
vedotin	(trade	name	Adcetris®),	contains	this	vc	linker.	The	synonym	cAC10-mc-
vc-PABC-MMAE	more	explicitly	shows	the	components	of	brentuximab	vedotin.	
The	 cAC10	 is	 the	 name	 of	 an	 antibody	 targeting	 CD30.	Maleimidocaproyl (mc) 
reacts with interchain cysteines of the antibody to attach drug linker complexes to the 
antibody and also act as a spacer to create more room for the enzyme cathepsin B in 
the lysosome to recognize the vc linker. After cleavage by cathepsin	B,	 the	PABC-
MMAE	 is	 released	 and	 PABC	 undergoes	 self-immolation	 and	 then	 the	 intact	
MMAE	 is	 released	 [208].	 Brentuximab	 vedotin	 is	 approved	 for	 treatment	 of	
Hodgkin	lymphoma	(HL),	systemic	anaplastic	large	cell	lymphoma	(ALCL)	[208]	
and	for	treatment	of	patients	with	cutaneous	T-cell	lymphoma	(CTCL)	who	have	
received	 prior	 systemic	 therapy	 [209].	 This	mc-vc-PABC-MMAE	 linker	 payload	
combination	was	also	conjugated	with	F16,	an	antibody	targeting	the	A1	domain	
of	the	non-internalizing	extracellular	matrix	protein	tenascin	C	[192].	In	this	case	
the	ADC	releases	drugs	in	the	extracellular	matrix	surrounding	the	tumor,	due	to	
cleavage	of	 the	vc	 linker	by	unidentified	serine	proteases	and	carboxylesterase	
1C	in	mouse	plasma,	followed	by	diffusion	of	the	drug	into	the	tumor	cells	[210],	
[211].	 This	 non-internalizing	 ADC	 showed	 potent	 anti-tumor	 activity	 in	 three		
xenografted	 tumor	 models	 in	 mice	 [192].	 However,	 it	 would	 probably	 have	
limited	effect	in	humans,	since	human	plasma	only	showed	marginal	activity	for	
cleavage	 of	 the	 vc	 linker	 [210],	 [211].	 The	 peptide	 cleavable	 linker	 has	 the	
combined	 properties	 of	 both	 cleavable	 and	 non-cleavable	 linkers,	 maintaining	
high	stability	in	circulation	and	boosting	drug	release	in	the	lysosome.		 

3.1.2.2.3 Acid-cleavable	hydrazone	linkers:	

The	rationale	behind	the	development	of	acid-cleavable	linkers	is	that	the	tumor	
extracellular	 microenvironment	 is	 acidic	 [212]	 and	 that	 the	 low	 pH	 in	 the	
lysosome	can	be	utilized	to	 facilitate	release	of	drugs	 from	ADCs.	A	hydrozone-
based	 bond	 is	 the	 most	 commonly	 used	 acid-cleavable	 linker	 used	 for	
development	of	ADCs.	The	hydrozone	bond	is	not	absolute	stable	at	physiological	
pH.	 The	 hydrozone	 bond	 has	 a	 plasma	 half-life	 of	 183	 h	 at	 pH	 7.2	 while	
significantly	 shorter	 half-life	 (4.4	 h)	 at	 pH	 5,	 which	 is	 the	 pH	 of	 the	 lysosome	
[213].	 The	 first	 generation	 ADCs	 using	 a	 hydrazone	 linker	 was	 an	 anti-CD33	
antibody-calicheamicin	 conjugate	 (Gemtuzumab	 Ozogamicin,	 Mylotarg®).	 The	
cleavage	of	the	hydrazone	linker	is	necessary	for	it	to	exert	its	cytotoxicity	[214].	
The	fate	of	Mylotarg®	has	been	tortuous.	It	was	approved	by	the	FDA	in	2000	for	
patients	 over	 60	 with	 relapsed	 acute	 myeloid	 leukemia	 (AML),	 or	 those	 who	
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were	 not	 considered	 for	 standard	 chemotherapy	 [215].	 However,	 it	 was	
voluntarily	 withdrawn	 from	 the	market	 in	 2010	 due	 to	 the	 lack	 of	 significant	
clinical	benefit	 and	 increased	early	deaths	 [216].	 In	2017,	 it	 regained	approval	
from	 the	 FDA	 for	 treatment	 of	 adult	 patients	 with	 newly-diagnosed	 CD33-
positive	 AML	 [188].	 Like	 gemtuzumab	 ozogamicin,	 inotuzumab	 ozogamicin	
(Besponsa®),	 which	 targets	 CD22,	 has	 the	 same	 linker	 and	 payload.	 It	 was	
approved	by	the	EMA	and	FDA	in	2017	for	treatment	of	relapsed	or	refractory	B-
cell	 precursor	 acute	 lymphoblastic	 leukemia	 [187].	 Another	 example	 of	 a	
hydrozone	 linker	 is	 BR96-doxorubincin	 targeting	 Lewis-Y,	 which	 showed	 very	
encouraging	results	on	xenografted	 tumors	 in	mice	and	rats	 [217].	However,	 it	
showed	 low	 tolerability	 due	 to	 gastrointestinal	 toxicity	 in	 a	 Phase	 II	 human	
clinical	 trial	 in	 metastatic	 breast	 cancer	 [218].	 The	 stability	 of	 the	 hydrazone	
linker	might	be	an	 issue	 causing	undesired	 toxicity,	 because	hydrazone	 linkers	
slowly	 hydrolyze	 and	 release	 free	 drugs	 in	 circulation.	 Improvement	 to	 the	
stability	of	the	linker	might	result	in	a	better	safety	profile.		

3.1.2.3 Future	perspectives	of	linkers	
In	order	to	further	improve	the	efficacy	and	safety	of	ADCs,	one	major	effort	is	to	
develop	site-specific	conjugation	to	the	antibody,	producing	homogeneous	ADCs	
having	 a	defined	drug	 to	 antibody	 ratio	 (DAR)	 [99].	One	 study	has	 shown	 that	
species	 with	 different	 DARs	 have	 varied	 efficacy,	 pharmacokinetics	 and	
tolerability	[219].	Many	site-specific	conjugation	technologies	have	recently	been	
developed	 by	 biotechnological	 and	 pharmaceutical	 companies,	 including	
THIOMAB	[220],	cysteine	rebridging	[221],	non-natural	amino	acid	conjugation	
[193],	 [194],	 enzyme-assisted	 ligation	 [221]	 and	 glycoconjugation	 [222]	 etc.,	
indicating	 the	 importance	 and	 fierce	 competition	 within	 this	 field.	 Several	
studies	 have	 shown	 the	 advantages	 of	 hydrophilic	 linkers,	 including	 reduced	
multidrug	 resistance,	 improved	 solubility,	 prolonged	 pharmacokinetics	 and	
increased	 therapeutic	 index	 [223],	 [224].	 The	 hydrophilicity	 of	 linkers	may	 be	
increased	 by	 incorporating	 PEG	 molecules	 into	 existing	 linkers	 [224]	 or	
incorporating	hydrophilic	pyrophosphate	[225].			

3.1.3 Payloads	of	ADCs	
Clinically	 used	 chemotherapy	 drugs,	 such	 as	 doxorubicin,	 vinblastine	 or	
methotrexate,	 were	 the	 payloads	 of	 early	 ADCs.	 It	 was	 believed	 that	 tumor	
specific	 mAbs	 could	 deliver	 more	 drugs	 to	 tumor	 cells	 than	 to	 healthy	 cells,	
resulting	 in	higher	specificity.	However,	only	marginal	or	no	activity	was	found	
with	 these	 ADCs	 [226].	 One	 of	 the	 major	 reasons	 for	 the	 failure	 is	 the	 low	
potency	of	these	chemotherapeutic	drugs.		Since	only	1-2%	of	the	administrated	
dose	of	an	ADC	reached	the	tumor,	and	there	are	sometimes	a	limited	number	of	
tumor	antigens	on	the	cell	surface,	payloads	of	ADCs	need	to	be	extremely	potent,	
with	 nanomolar	 or	 picomolar	 IC50	 values.	 The	 payloads	 of	 ADCs	 under	 clinical	
development	 have	 high	 potency	with	 IC50	 values	 in	 the	 range	 of	 10-10-10-12	M	
[227].	 Besides	 high	 potency,	 the	 payloads	 need	 to	 be	 stable	 throughout	 ADC	
preparation,	 storage,	 in	 circulation,	 in	 the	 lysosome	 and	 in	 the	 cytoplasm.	
Payloads	also	need	to	have	a	reasonable	solubility	in	water	or	be	soluble	with	the	
addition	 of	 a	 small	 amount	 of	 water-miscible	 organic	 solvent	 to	 perform	 the	
conjugation	 reaction,	 because	 an	 antibody	 needs	 to	 maintain	 its	 native	
conformation	 in	 aqueous	 solution.	Although	an	excess	of	 organic	 solvent	 could	
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dissolve	more	hydrophobic	drugs,	 it	may	damage	 the	antibody	and	 the	 formed	
ADC	is	more	prone	to	aggregate	and	have	unfavorable	pharmacokinetics	 [219].	
The	use	of	hydrophilic	 linkers	could	counteract	 the	hydrophobicity	of	payloads	
[224].	Hydrophobicity	of	payloads	also	has	 to	do	with	membrane	permeability,	
which	 may	 be	 translated	 into	 ‘by-stander’	 effect.	 Most	 payloads	 of	 ADCs	 in	
clinical	 development	 fall	 into	 two	 categories,	 anti-mitotic	 and	 DNA	 damaging	
agents.		

3.1.3.1 Anti-mitotic	payloads	
Microtubules	are	part	of	the	cytoskeleton,	which	physically	support	the	defined	
shape	 of	 cells.	 More	 importantly,	 they	 are	 the	 main	 component	 of	 mitotic	
spindles	 separating	 the	 two	 sets	 of	 chromosomes	 during	 mitosis.	 The	
microtubule	 binding	 molecules,	 suppressing	 microtubule	 formation	 or	
stabilizing	 microtubules,	 may	 cause	 a	 G2/M	 phase	 arrest	 during	 cell	 division	
[228].	The	cells	that	fall	into	G2/M	phase	arrest	will	either	die,	stop	dividing,	or	
have	 unequal	 division	 [229].	 Anti-mitotic	 payloads	 are	 good	 candidates	 for	
cancer	 therapy,	 since	 they	 are	 selectively	more	 toxic	 to	 fast-diving	 tumor	 cells	
than	 to	normal	 cells.	Nearly	 all	 anti-mitotic	payloads	 currently	 in	 clinical	 trials	
are	auristatins	or	maytansinoids	[227].	

3.1.3.1.1 Auristatins:	

Dolastatine	 10	 is	 a	 very	 potent	 anti-mitotic	 peptide	 isolated	 from	 the	 marine	
shell-less	 mollusk	 Dolabella	 auricularia	 [230].	 Its	 anti-mitotic	 activity	 comes	
from	 the	 inhibition	 of	 tubulin	 polymerization,	 vincristine	 binding	 and	 GTP	
hydrolysis	[230].	Monomethyl	auristatin	E	(MMAE)	and	monomethyl	auristatin	F	
(MMAF)	are	the	most	popular	dolastatine	10	derivatives	used	as	ADC	payloads.	
The	difference	between	them	is	that	MMAE	can	diffuse	through	cell	membranes	
to	kill	neighboring	cells	while	MMAF	cannot,	due	to	an	additional	carboxyl	group.	
The	 combination	 of	 MMAE	 with	 the	 mc-vc-PABC	 linker	 is	 used	 in	 the	 FDA	
approved	ADC	brentuximab	vedotin	and	many	other	ADCs	in	clinical	trials	[227].	
On	 the	 other	 hand,	 the	MMAF	 payload	 ADC	 using	 the	 non-cleavable	mc	 linker	
was	 shown	 to	 be	 better	 tolerated	 than	 the	 corresponding	 ADC	 using	 the	
cleavable	mc-vc-PABC	linker	[196].		

3.1.3.1.2 Maytansinoids:	

Maytansine	is	a	natural	benzoansamacrolide	product	first	isolated	from	the	bark	
of	 the	 African	 shrub	 Maytenus	 ovatus	 [231].	 Maytansine	 binds	 to	 the	 two	
vinblastine	 binding	 sites	 on	 tubulin,	 with	 one	 low	 affinity	 site	 and	 one	 high	
affinity	 site,	 which	 inhibits	 microtubule	 polymerization	 [231].	 Maytansine	 by	
itself	 failed	 to	 demonstrate	 clinical	 benefit	 in	 phase	 2	 clinical	 trials	 against	
several	different	types	of	tumors	[232]–[234].	There	are	mainly	two	maytansine	
derivatives,	DM1	and	DM4,	with	a	sulfhydryl	group	as	conjugation	handle,	used	
for	generating	ADCs.	 It	 is	shown	that	 the	cellular	metabolites	of	DM1	and	DM4	
(S-methyl-DM1	and	S-methyl-DM4)	interacts	with	microtubules	as	effectively	as,	
or	 even	more	 effectively,	 than	maytansine	 [235].	 DM1	 has	 been	 conjugated	 to	
trastuzumab	 via	 both	 cleavable	 disulfide	 linkers	 and	 non-cleavable	 thioether	
SMCC	linkers	for	treatment	of	HER2-overexpressing	breast	cancer.		Although	the	
in	vitro	cytotoxicity	assay	results	of	trastuzumab-DM1	conjugates	with	different	
linkers	 were	 similar,	 the	 SMCC	 trastuzumab-DM1	 conjugate	 (Kadcyla®)	
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demonstrated	 significantly	 better	 anti-tumor	 activity	 in	 an	 in	 vivo	 xenograft	
tumor	 study	 [195].	 The	 lysosomal	 degradation	 product	 of	 Kadcyla®	 is	 lysine-
MCC-DM1,	which	diffuses	 into	 the	cytoplasm	and	 is	able	 to	 inhibit	microtubule	
polymerization	[197].	On	the	other	hand,	all	 the	DM4	ADCs	under	clinical	trials	
are	 still	 using	 disulfide	 linkers	 [227],	 which	 is	 probably	 due	 to	 the	 higher	
stability	 of	 the	 disulfide	 bond	 connecting	DM4	 to	 antibodies	 compared	 to	 that	
connecting	DM1.	The	two	additional	methyl	groups	next	to	the	disulfide	bond	on	
DM4	sterically	hinders	and	thus	slows	the	reduction	reaction	[206].		

Figure	6.	Cytotoxic	payloads	employed	in	ADCs	under	clinical	development.	

3.1.3.2 DNA	damaging	payloads	
Another	 major	 group	 of	 anti-tumor	 drugs	 used	 for	 creation	 of	 ADCs,	 is	 DNA	
damaging	 drugs,	 either	 by	 alkylation,	 single	 or	 double	 strand	 cleavage,	 or	 by	
changing	the	three	dimensional	structure	of	DNA	by	intercalating	into	the	minor	
groove.	DNA	damaging	drugs	are	toxic	to	all	types	of	cells,	however,	more	toxic	
to	rapidly	dividing	tumor	cell	than	to	slowly	dividing	cells,	possibly	due	to	higher	
accessibility	to	DNA	during	cell	division	[236]	and	the	less	efficient	repair	of	DNA	
damages	 in	 tumor	cells	 [237].	 In	 this	 thesis,	 I	 only	give	a	 short	 introduction	of	
calicheamicin,	 which	 is	 the	 payload	 of	 the	 approved	 ADCs	 (inotuzumab	
ozogamicin	and	gemtuzumab	ozogamicin).	
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Calicheamicin	γ1	 is	a	highly	potent	antitumor	DNA	cleavage	antibiotic,	 isolated	
from	broth	extract	of	the	bacterium	Micromonospora	echinospora.	Calicheamicin	
interacts	with	 the	minor	 groove	 of	 TCCT/AGGA	 sequences	 in	 DNA	 and	 causes	
double-stranded	 cleavage	 [238].	 	 Usually,	 N-Acetyl-γ-calicheamicin	 is	 used	 for	
creation	 of	 ADCs	 instead	 of	 calicheamicin,	 because	 it	 demonstrated	 better	
efficacy	 than	 calicheamicin	 [239].	 N-Acetyl-γ-calicheamicin	 is	 used	 in	
gemtuzumab	ozogamicin	and	 inotuzumab	ozogamicin	 conjugates.	Gemtuzumab	
ozogamicin	is	targeting	human	CD33	and	was	approved	by	the	FDA	in	2000	for	
treatment	of	the	first	recurrence	of	acute	myeloid	leukemia	(AML)	but	was	later	
voluntarily	withdrawn	from	the	market	[214],	[216].	The	failure	of	gemtuzumab	
ozogamicin	did	not	prevent	the	success	of	N-Acetyl-γ-calicheamicin	as	a	payload	
in	 other	 ADCs.	 Recently,	 inotuzumab	 ozogamicin,	 targeting	 human	 CD22,	 was	
approved	by	the	EMA	for	treatment	of	adults	with	relapsed	or	refractory	CD22-
positive	B-cell	precursor	acute	lymphoblastic	leukaemia	(ALL)	[187].	

3.1.3.3 Novel	ADC	payloads	
There	are	a	number	of	promising	new	ADC	payloads	under	preclinical	or	clinical	
development.	Some	of	them	have	similar	MOAs	as	the	payloads	discussed	above,	
e.g.	 they	 inhibit	 tubulin	 polymerization	 or	 damages	 DNA.	 Rhizoxin	 is	 a	
microtubule	polymerization	inhibitor	that	shares	the	same	pharmacophore	with	
maytansinoids	 [240].	 Cryptophycins	 are	 a	 family	 of	 tubulin	 polymerization	
inhibitors	which	are	an	order	of	magnitude	more	potent	 than	MMAE	and	DM1	
[241].	 Tubulysins	 are	 a	 family	 of	 antimitotic	 tetrapeptides	 that	 have	 a	 MOA	
resembling	dolastatin	10	[242].	Some	of	the	payloads	have	novel	MOAs,	such	as	
α-amanitin	 that	 inhibits	 RNA	 polymerase	 II	 activity	 [243],	 and	 spliceostatins	
[244]	and	thailanstatins	[245]	that	are	RNA	spliceosome	inhibitors.			

3.2 Development	of	alternative	scaffold	drug	conjugates	

As	several	ADCs	were	approved	for	treatment	of	cancers	and	a	lot	more	ADCs	are	
under	 clinical	 development,	 many	 researchers	 started	 to	 develop	 alternative	
scaffold	drug	conjugates	for	cancer	therapy.	Alternative	scaffold	drug	conjugates	
may	have	advantages	compared	with	mAbs.	All	 the	alternative	scaffolds	have	a	
much	 smaller	 size	 compared	 with	 mAbs,	 which	 might	 be	 translated	 to	 for	
example	better	penetration	of	solid	tumors.	They	are	usually	easily	expressed	in	
E.	 coli	 and	 may	 thus	 be	 produced	 at	 a	 lower	 cost	 than	 mAbs.	 Some	 of	 the	
alternative	 scaffolds	 do	 not	 contain	 any	 cysteine,	 which	 make	 it	 possible	 to	
introduce	 a	 unique	 cysteine	 and	make	 site-specific	 conjugation.	 The	 generally	
higher	 thermo-	 and	 chemical	 stability	 and	 typically	 fast	 and	 easy	 refolding	 of	
alternative	 scaffold	 proteins,	 possibly	 allow	 for	 a	 more	 expanded	 toolbox	 of	
chemical	 conjugation	reactions.	However,	alternative	scaffold	proteins	often	do	
not	 have	 any	 anti-tumor	 effector	mechanism,	 such	 as	 eliciting	 ADCC	 and	 CDC,	
which	may	be	desirable	 from	an	efficacy	point	of	 view,	but	may	not	 always	be	
desired	 from	 a	 safety	 point	 of	 view.	 Antibodies	 also	 have	 a	 much	 longer	
circulation	 half-life,	 contributing	 to	 therapeutic	 efficacy,	 but	 also	 leaves	 more	
time	 for	 uptake	 in	 non-targeted	 tissue	 as	well	 as	 premature	 release	 if	 a	 labile	
linker	is	employed.		

Since	alternative	 scaffolds	 are	 relatively	new	and	many	of	 them	are	 still	 under	
development,	 there	 are	 not	 many	 alternative	 scaffolds	 drug	 conjugate	 studies	
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published	yet.	DARPin	targeting	the	epidermal	cell	adhesion	molecule	(EpCAM)	
was	conjugated	to	MMAF	via	a	thioether	bond	between	a	C-terminal	cysteine	and	
a	 maleimide-group	 in	 linker.	 In	 the	 other	 end	 of	 the	 DARPin,	 the	 non-natural	
amino	 acid	 azidohomoalanine	 had	 been	 introduced	 onto	 which	
dibenzocyclooctyne-modified	mouse	 serum	albumin	 (MSA)	was	 attached	 for	 in	
vivo	 half-life	 extension	 [246].	 The	 resulting	 conjugate,	 designated	 MSA-Ec1-
MMAF,	 selectively	 killed	 EpCAM	 overexpressing	 cell	 lines	 and	 had	 a	 22-fold	
increase	of	 circulation	retention	compared	 to	 the	 same	conjugate	without	MSA	
[246].	 An	 anti-HER2	 (ZHER2)	 affibody	molecule	 has	 previously	 been	 conjugated	
with	 three	 different	 payloads	 for	 selective	 HER2-positive	 cancer	 treatment	
[247]–[249].	Paper	III	in	this	thesis	is	a	study	on	the	anti-tumor	activity	of	ZHER2-
DM1	conjugates.	The	ZHER2	affibody	molecule	has	also	been	conjugated	with	the	
payload	MMAE.	A	unique	cysteine	was	introduced	at	the	C-terminal	end	as	well	
as	at	two	positions	on	helix	3	for	conjugation	with	vcMMAE.	The	variant	with	a	C-
terminal	 cysteine	 had	 the	 highest	 conjugation	 efficiency	 and	 the	 conjugated	
affibody	 could	 be	 easily	 separated	 from	 the	 unconjugated	 affibody	 by	
hydrophobic	 interaction	 high	 performance	 liquid	 chromatography	 (HIC-HPLC)	
[249].	 The	 affibody-vcMMAE	 conjugate	 showed	 specific	 activity	 on	 HER2	
overexpressing	tumor	cell	lines	over	HER2	low-expressing	cell	lines	[249].	In	an	
other	 study	 by	 the	 same	 group,	 a	 drug	 conjugating	 sequence	 containing	 three	
cysteines	was	genetically	fused	to	the	C-terminal	of	a	dimeric	anti-HER2	affibody	
to	 make	 a	 conjugate	 with	 vcMMAE	 [248].	 The	 conjugation	 products	 were	 a	
mixture	of	dimeric	ZHER2	with	0,	1,	2,	or	3	molecules	of	vcMMAE,	and	they	were	
unable	 to	 separate	 the	 different	 species	 to	 homogeneous	 compounds	 by	 HIC-
HPLC.	 The	 in	 vitro	 cytotoxicity	 of	 this	 dimeric	 affibody	 vcMMAE	 conjugate	
mixture	was	 found	to	be	similar	 to	 the	monomeric	affibody	vcMMAE	conjugate	
[248].		
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Chapter	4	

4 Immunotoxins	
A	 different	 approach	 to	 achieve	 targeted	 cancer	 therapy	 is	 to	 employ	 fusion	
proteins,	consisting	of	a	targeting	domain	coupled	to	a	toxic	peptide	or	protein.	
Immunotoxins	 (ITs)	 are	 such	 a	 class	 of	 designed	 proteins,	 consisting	 of	
antibodies	 or	 antibody	 fragments	 as	 targeting	 moiety,	 coupled	 to	 cytotoxic	
proteins,	 usually	 of	 plant	 or	 bacterial	 origin,	 as	 payloads	 for	 cancer	 treatment.	
Like	ADCs,	 they	are	 internalized	and	 transported	 to	 the	cytosol	 to	deliver	 their	
cytotoxic	 activity.	 Usually,	 these	 protein	 toxins	 are	 enzymes	 that	 catalyze	
reactions	causing	cell	death.	The	protein	toxins	are	often	even	more	potent	than	
drugs	 used	 in	 ADCs.	 Another	 difference	 between	 ADCs	 and	 ITs	 is	 that	 toxic	
proteins	need	to	go	through	several	transportation	steps	to	enter	the	cytosol,	not	
simply	diffuse	through	the	endosomal	or	 lysosomal	membranes.	One	drawback	
of	 the	 toxic	proteins	 is	 that	 they	are	often	 large	and	 immunogenic,	 and	will	 be	
recognized	 by	 the	 immune	 system	 and	 is	 therefore	 often	 neutralized	 by	
antibodies.	 Typically,	 the	 generated	 neutralizing	 antibodies	 prevent	 further	
treatment	after	1	to	4	cycles	[250].		
There	 are	 mainly	 two	 types	 of	 cytotoxic	 proteins	 used	 in	 immunotoxins,	
ribosome	 inactivating	 proteins	 (RIPs),	 mostly	 plant	 derived,	 and	 mono-ADP-
ribosyltransferase	proteins,	derived	from	bacteria.	Both	of	them	cause	cell	death	
by	 stopping	 protein	 synthesis	 in	 the	 cell.	 In	 the	 early	 ITs,	 whole	 cytotoxic	
proteins	were	 chemically	 conjugated	 to	 full	 antibodies.	However,	 the	 cytotoxic	
proteins	 are	 of	 low	 specificity	 because	 of	 the	 toxic	 proteins’	 own	 cell	 binding	
domains.	Later,	 the	native	binding	domains	of	the	toxic	proteins	were	removed	
to	increase	selectivity.	With	the	development	of	recombinant	protein	technology,	
immunotoxins	 are	 now	mainly	 produced	 as	 genetic	 fusions	 between	 antibody	
fragments	 and	 toxic	 proteins,	 where	 the	 latter	 has	 the	 cell-binding	 domain	
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removed.	Besides	these	two	categories	of	protein-synthesis-inhibition	toxins,	the	
pore	forming	anthrax	toxin	has	also	been	used	for	targeted	killing	of	tumor	cells.		

4.1 Ribosome	inactivating	proteins	(RIPs)-based	immunotoxins	

RIPs	 are	 a	 family	 of	 toxic	 proteins	 irreversibly	 inhibiting	 eukaryotic	 protein	
synthesis	by	modifying	 ribosomal	RNA	 [251].	They	are	mostly	 found	 in	plants,	
and	are	thought	to	have	a	defensive	function,	for	their	expression	is	upregulated	
after	 infections	 caused	 by	 viruses	 and	microorganisms	 [252].	 Currently,	 there	
are	almost	250	RIPs	described	 in	 literature	and	 they	can	be	classified	 into	 two	
categories:	type	1	RIPs	(RIP	1),	such	as	sportin	and	gelonin,	and	type	2	RIPs	(RIP	
2),	such	as	ricin	[253].	All	the	RIPs	have	N-glycosidase	activity,	removing	a	single	
adenine	residue	from	eukaryotic	ribosomes	at	the	specific	position,	A4324	in	28S	
rRNA	[254].	Depurination	of	rRNA	inhibits	its	binding	to	elongation	factors	and	
thereby	protein	synthesis	is	irreversibly	inhibited,	causing	cell	death	[255].	Type	
1	RIPs	only	contain	a	single	polypeptide	chain	and	type	2	RIPs	are	heterodimeric	
proteins,	 with	 chain	 A	 having	 enzymatic	 activity	 and	 chain	 B	 binding	 to	
polysaccharides	on	glycoproteins,	similar	to	lectins	[253].		

Initially,	 type	 2	 RIPs	were	 conjugated	with	 antibodies	 to	make	 immunotoxins,	
but	type	1	RIPs	became	more	popular	for	their	simpler	single	chain	structure	and	
lower	unspecific	activity.	Saporin,	a	type	1	RIP,	has	been	conjugated	with	many	
antibodies	or	antibody	fragments	targeting	hematological	and	solid	tumors.	They	
have	demonstrated	great	efficacy	for	hematological	tumors	but	are	less	effective	
for	 treatment	 of	 solid	 tumors	 in	 pre-clinical	 studies	 [256].	 However,	 the	
generation	of	neutralizing	antibodies	against	the	immunotoxins	and	side	effects	
including	 promotion	 of	 vascular	 leakage	 syndrome	 (VLS)	 has	 decreased	 the	
interest	in	them	by	both	academia	and	industry	[257].	
Bouganin	 is	 a	 type	 1	RIP,	with	 picomolar	 cytotoxicity,	 that	 is	 expressed	 in	 the	
plant	Bougainvillea	spectabilis	Willd.	As	mentioned	above,	the	immunogenicity	of	
saporin	is	the	main	reason	undermining	its	clinical	development.	Bouganin	was	
deimmunized	 by	 removing	 T-cell	 epitopes	 and	 the	 resulting	 toxin	 is	 called	
deBouganin	 [258].	 deBouganin	 has	 been	 fused	 with	 antibodies,	 Fabs	 and	
diabodies	 targeting	 different	 receptors	 for	 treatment	 of	 EpCAM	 and	 HER2	
overexpressing	tumors	[259],	[260][261].	DeBouganin	ITs	have	demonstrated	a	
minimal	 anti-deBouganin	 antibody	 response	 in	 a	 Cynomolgus	 monkey	 study	
[261].	 Moreover,	 trastuzumab-deBouganin	 was	 also	 shown	 to	 be	 cytotoxic	 to	
trastuzumab-DM1	resistant	tumor	cell	lines	[259],	[260],	since	protein	toxins	are	
generally	not	affected	by	multi-drug	resistant	proteins	(MDRs),	which	protected	
the	cell	lines	from	trastuzumab-DM1	action	in	this	case.	 

4.2 Bacterial	mono-ADP-ribosyltransferase	protein	based	
immunotoxins	

Some	 bacteria	 have	 evolved	 different	 ways	 to	 inhibit	 protein	 synthesis	 of	 the	
intoxicated	cells	by	modification	of	eukaryotic	elongation	factors.	The	three	most	
investigated	protein	 toxins	secreted	by	bacteria	are	diphtheria	 toxin	(DT)	 from	
Corynebacterium	 diphtheriae,	 pseudomonas	 exotoxin	 A	 (ExoA	 or	 PE)	 from	
Pseudomonas	aeruginosa	 and	cholix	 toxin	 (CT)	 from	Vibrio	cholera	[262].	All	 of	
these	toxins	have	an	enzymatic	domain,	which	has	the	activity	of	transferring	an	
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ADP	group	from	NAD+	to	a	diphthamide	residue	on	eukaryotic	elongation	factor	
2	 (eEF2)	 [263]–[265].	 Therefore,	 they	 were	 named	 mono-ADP-
ribosyltransferases.	 The	 ADP-ribosylated	 eEF2s	 are	 not	 able	 to	 bind	 to	
ribosomes	 and	 protein	 synthesis	 is	 stopped,	 eventually	 causing	 cell	 death.	
Although	 these	mono-ADP-ribosyltransferases	 have	 the	 same	 catalytic	 activity,	
they	 differ	 in	 structure.	Here	 I	 focus	my	discussion	 on	 the	 PE	 toxin,	 since	 it	 is	
used	in	this	thesis.			

Figure	 7.	 Representative	 structures	 of	 cytotoxic	 proteins	 employed	 in	 immunotoxins.	
Pseudomonas	exotoxin	A	domain	III	(PDB	ID:	1aer),	diphtheria	toxin	(PDB	ID:	1sgk),	saporin	
(PDB	ID:	1qi7),	and	bouganin	(PDB	ID:	3ctk).	

PE	 belongs	 to	 the	 two-component	 AB	 toxin	 family,	 which	 has	 an	 enzymatic	 A	
component	 and	 a	 cell	 binding	 B	 component	 [266].	 It	 is	 a	 613	 amino	 acid	 long	
protein	 composed	 of	 three	 domains:	 a	 receptor	 binding	 domain	 (domain	 I),	 a	
translocation	 domain	 (domain	 II)	 and	 the	 ADP-ribosyltransferase	 domain	
(domain	 III)	 [267].	 The	 intoxication	 process	 starts	 with	 removal	 of	 the	 C-
terminal	lysine	in	PE	outside	the	cell,	presumably	by	plasma	carboxypeptidases	
of	 the	 host,	 changing	 the	 C-terminal	 amino	 acids	 REDLK	 to	 REDL	 [268].	 The	
binding	 domain	 of	 PE	 binds	 to	 CD91,	 which	 is	 also	 known	 as	 the	 alpha2-
macroglobulin	 receptor/low-density	 lipoprotein	 receptor-related	 protein	
(α2MR/LRP)	 [269].	 After	 binding	 to	 CD91,	 PE	 is	 transported	 into	 the	 cytosol	
through	 two	different	pathways,	 the	KDEL-receptor	mediated	pathway	and	 the	
lipid	dependent	sorting	pathway.	Through	the	KDEL-receptor	mediated	pathway,	
PE	 is	 internalized	 via	 clathrin-coated	 pits	 into	 early	 endosomes.	 In	 the	
endosomes,	 PE	 undergoes	 a	 conformational	 change	 and	 is	 cleaved	 by	 furin	 in	
domain	II	followed	by	reduction	of	disulfide	bonds	in	domain	II	[270],	[271].	The	
C-terminal	37	kDa	fragment,	including	part	of	domain	II,	domain	Ib,	and	domain	
III,	 is	 then	 transported	 to	 the	 trans	 Golgi	 network	 (TGN)	 through	 the	 Rab9-

Pseudomonas exotoxin A doamin III Diphtheria toxin

Saporin 6 Bouganin
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regulated	 pathway	 [272].	 The	 C-terminal	 REDL	 motif	 helps	 the	 37	 kDa	 PE	
fragments	to	be	transported	from	the	TGN	to	the	endoplasmic	reticulum	(ER)	by	
binding	 to	 the	 KDEL-receptors	 [273],	 which	 are	 normally	 responsible	 for	
recycling	KDEL-bearing	proteins	from	TGN	to	ER	[274].	 	 In	the	lipid-dependent	
sorting	 pathway,	 PE	 still	 binds	 to	 CD91	 on	 the	 cell	 surface,	 however,	 it	 is	
internalized	 with	 the	 help	 of	 detergent-resistant	 microdomains	 (DRM)	 via	
caveolin-mediated	internalization	[275].	PE	then	undergoes	the	same	processes	
in	 the	 endosomes	 as	 in	 the	 KDEL-dependent	 pathway,	where	 it	 is	 transported	
from	 late	 endosomes	 to	 the	 TGN	 in	 a	 Rab9	 dependent	 manner	 but	 is	
subsequently	transported	to	the	ER	in	a	Rab6	dependent	manner	[275].	The	two	
pathways	of	PE	transportation	converge	 in	the	ER	and	both	exploit	 the	cellular	
ER-associated	 protein	 degradation	 pathway	 to	 translocate	 PE	 to	 the	 cytosol	
[276].	As	described	earlier,	the	enzymatic	domain	of	PE	transfers	an	ADP	to	the	
diphthamide	 residue	 on	 eEF2	 and	 protein	 synthesis	 in	 the	 cell	 stops.	 The	
intoxication	process	of	PE	only	takes	30-90	min	from	binding	on	the	cell	surface	
until	PE	has	reached	the	cytosol	[277].	

Figure	 8.	 The	 internalization	 pathways	 of	 Pseudomonas	 exotoxin	 A.	 Adopted	 from	 Philipp	
Wolf,	et	al.	[278].		

In	 order	 to	 use	 PE	 for	 therapeutic	 purposes,	 full	 length	 PE	 was	 initially	
chemically	 conjugated	 to	 mAbs	 or	 receptor	 ligands	 [279],	 [280].	 Later,	
recombinantly	expressed	receptors’	ligands	and	variable	fragments	of	antibodies	
replaced	 the	 Ia	 domain	 of	 PE	 resulting	 in	 fusion	 ITs,	 which	 were	 more	
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homogeneous	and	more	cell	specific	[281],	[282].	The	most	often	used	truncated	
PE	toxin	used	in	ITs	is	PE38	(Mw	38	kDa).	Compared	to	native	PE,	PE38	lacks	the	
native	 CD91	 binding	 domain	 Ia	 (Δ1–250)	 and	 part	 of	 Ib	 (Δ365–380)	 [283].	
Several	 scFv	 ITs	 containing	 PE38	 have	 entered	 clinical	 trials,	 including	 ITs	
targeting	 CD22	 [284],	 mesothelin	 [285]	 and	 CD25	 [286].	 However,	 a	 large	
portion	of	patients	quickly	developed	anti-PE	antibodies	during	the	clinical	trials.	
While	this	problem	was	less	severe	for	patients	with	hematological	tumors,	due	
to	a	compromised	immune	system	[250].		

Figure	9.	Native	Pseudomonas	exotoxin	A	(PE)	and	variants	commonly	used	in	immunotoxins.	
PE	has	three	domains,	domain	I,	II	and	III.	Domain	I	can	be	further	separated	into	domain	Ia	
and	 Ib.	 Four	 disulfide	 bridges	 are	 marked	 with	 brown	 lines.	 The	 furin	 cleavage	 site	 is	
indicated	with	an	arrow.	PE38	 is	 truncated	version	of	PE,	 lacking	most	of	domain	 I,	amino	
acids	1-250	and	368-380.	PE38X8	is	a	version	of	PE38	where	mouse	B-cell	epitopes	have	been	
removed	 by	 the	 following	mutations:	 R313A,	 Q332S,	 R432G,	 R467A,	 R490A,	 R513A,	 E548S	
and	K590S.	The	mutations	are	marked	with	orange	lines.	Lysosome	resistant	PE	(PE-LR)	was	
obtained	by	removing	amino	acids	1-273	and	285-394.	PE25	was	obtained	by	introducing	10	
mutations,	R427A,	D463A,	R467A,	R490A,	R505A,	F443A,	L477H,	R494A,	R538A,	and	L552E,	
to	PE-LR.		

It	was	found	that	2-5	cycles	of	treatment	with	PE-based	ITs	are	needed	to	reach	a	
major	clinical	response	including	some	complete	remissions	[250].	Therefore,	to	
allow	 multiple	 cycles	 of	 treatment	 before	 anti-PE	 antibodies	 emergence,	 the	
immunogenicity	of	PE	toxin	has	to	be	decreased.	One	way	to	allow	more	cycles	of	
treatment	 is	 to	 administer	 PE-based	 ITs	 together	 with	 immune	 suppressive	
drugs.	 Another	 way	 is	 to	 reduce	 the	 immunogenicity	 by	 protein	 engineering	
strategies.	 PEGylation	 is	 a	 common	 strategy	 to	 reduce	 immunogenicity	 by	
‘masking’	 immunogenic	 epitopes	 [287].	 It	 increases	 the	 size	 of	 the	 IT	 and	
prolonged	 half-life	 in	 circulation	 as	well	 [287].	 Although	 PEGylation	 strategies	
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showed	 promising	 results	 [287],	 [288],	more	 efforts	 were	 put	 into	 identifying	
and	removing	B-	and	T	cell	epitopes	in	PE.	At	first,	mouse	epitopes	in	PE38	were	
identified	by	characterizing	anti-PE38	antibodies	isolated	from	mice	immunized	
with	PE38	ITs	[289].	Mutations	of	eight	residues	with	large	side	chains	to	alanine,	
glycine	and	serine	on	the	identified	B-cell	epitopes	resulted	in	the	considerably	
less	 immunogenic	 version	 PE38X8	 with	 retained	 cytotoxicity	 [290].	 However,	
mouse	B-cell	epitopes	cannot	be	fully	translated	in	to	human	B-cell	epitopes.	At	
the	 same	 time,	 it	 was	 found	 that	 domain	 II	 of	 PE	 is	 susceptible	 to	 protease	
digestion	 in	 the	 lysosome.	 A	 version	 of	 PE,	 lacking	 domain	 II	 but	 keeping	 the	
furin	 cleavage	 site	 (PE-LR	 (lysosome	 resistant)),	 were	 therefore	 designed	 and	
was	 found	 to	 have	 a	 similar	 cytotoxicity	 compared	 to	 PE38,	 while	 it	 had	 an	
increased	 tolerability	 in	 mice	 [291].	 The	 removal	 of	 domain	 II	 also	 removed	
several	 B-	 and	 T-cell	 epitopes,	 and	 as	 a	 consequence,	 PE-LR	 showed	 reduced	
immunogenicity	in	animal	studies	[291],	[292].	In	order	to	identify	and	remove	
human	B-cell	 epitopes,	 Liu	 et	 al.	 displayed	Fvs	 of	B-cells	 from	patients	 treated	
with	 the	 immunotoxins,	 SS1P	 (anti-mesothelin	 PE38	 immunotoxin)	 and	 HA22	
(anti-CD22	 PE38	 immunotoxin),	 on	 phages	 [293].	 By	 incubating	 the	 phage	
particles	with	a	pool	of	PE38	variants,	each	having	an	alanine	substitution	of	the	
residues	with	 large	bulky	side	chains,	 six	B-cell	epitopes	were	 identified	 [293].	
The	 new	 immunotoxin	 HA22-LR-LO10,	 lacking	 domain	 II	 and	 bearing	 7	 point	
mutations	(R427A,	R458A,	D463A,	R467A,	R490A,	R505A	and	R538A)	in	domain	
III,	 was	 found	 to	 have	 low	 immunogenicity	 [293]	 in	 humans.	 Besides	 B-cell	
epitopes,	 elimination	 of	 T-cell	 epitopes	 was	 also	 carried	 out	 to	 reduce	
immunogenicity.	The	T-cell	epitopes	were	identified	by	stimulating	PBMCs	from	
50	donors	with	a	naïve	 immune	repertoire,	representing	people	 in	the	western	
world,	 with	 15-meric	 peptides	 spanning	 PE38	 followed	 by	 detection	 of	 IL-2	
secretion	 [294].	 Eight	 epitopes	 were	 identified,	 one	 of	 which	 in	 domain	 II	 is	
immuno-dominant,	 in	 people	 with	 a	 variety	 of	 HLA	 alleles	 [294],	 [295].	 The	
identified	epitopes	were	eliminated	by	deleting	domain	II	and	by	introducing	six	
mutations	 (R427A,	 F443A,	 L477H,	 R494A,	 R505A,	 and	 L552E)	 in	 domain	 III	
[295].	 The	 immunotoxins	 with	mutated/deleted	 T-cell	 epitopes,	 LMB-T18	 and	
LMB-T20,	 showed	 greatly	 reduced	 immunogenicity	 compared	 with	 their	
parental	 immunotoxins	 [295],	 [296].	There	are	 two	positions	(R427	and	R505)	
shared	 by	 both	B-	 and	T-cell	 epitopes.	 The	 combined	 removal	 of	 T-	 and	B-cell	
epitopes	created	PE25,	which	lacks	domain	II	except	for	a	furin	cleavage	site,	and	
bears	10	mutations	in	domain	III	(R427A,	D463A,	R467A,	R490A,	R505A,	F443A,	
L477H,	 R494A,	 R538A,	 and	 L552E)	 [297].	 PE25	 was	 found	 to	 have	 greatly	
reduced	immunogenicity,	good	stability	and	was	well	tolerated	in	animals[297].		

4.3 Alternative	scaffolds	toxins	fusions	

Alternative	 scaffolds	 proteins	 are	 good	 alternatives	 as	 targeting	 moieties	 in	
immunotoxins.	Alternative	scaffolds	immunotoxins	can	usually	be	expressed	in	a	
soluble	form	with	high	yield	in	bacteria.	The	smaller	size	of	alternative	scaffolds	
also	helps	to	reduce	the	size	of	the	immunotoxins,	which	may	translate	to	better	
tumor	 penetration.	 There	 are	 not	 many	 reports	 of	 immunotoxins	 based	 on	
alternative	 scaffolds	 published	 yet,	 and	most	 of	 them	use	DARPins	 or	 affibody	
molecules	for	cell	targeting.		
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An	anti-HER2	DARPin	was	fused	to	PE40,	consisting	of	domain	II,	domain	Ib	and	
domain	 III,	 with	 a	 mouse	 IgG3	 hinge	 region	 linker	 [298].	 The	 DARPin-PE40	
fusion	toxin,	targeting	HER2,	could	be	produced	with	a	high	yield	in	E.	coli	(160	
mg/L	 culture	 medium	 in	 shake	 flasks)	 and	 could	 selectively	 kill	 HER2-
overexpressing	tumor	cells	in	vitro	and	in	vivo	[298].	An	anti-EpCAM-PE38	fusion	
toxin	showed	similar	anti-tumor	activity	on	EpCAM-overexpressing	 tumor	cells	
in	 vitro	 and	 in	 vivo	 [299].	 The	 anti-EpCAM-PE38	 was	 also	 site-specifically	
PEGylated	 on	 PE38	 resulting	 in	 a	 prodrug-like	 fusion	 toxin	 [300].	 When	 the	
prodrug-like	 fusion	 toxin	 was	 treated	 with	 a	 particular	 protease,	 cleaving	 the	
linker	between	PEG	and	anti-EpCAM-PE38,	 the	 cytotoxicity	of	 the	dePEGylated	
fusion	 toxin	 was	 increased	 by	 a	 1000-fold.	 PEGylation	 also	 increased	 the	
hydrodynamic	radius,	which	gave	a	10-fold	increase	in	serum	half-life	[300].		
Anti-HER2	affibody	molecules	(ZHER2)	and	PE38	fusion	toxins,	denoted	affitoxins,	
have	been	investigated	in	several	studies.	A	ZHER2-PE38	affitoxin	showed	potent	
cytotoxicity	 on	 HER2-overexpressing	 tumor	 cell	 lines	 while	 up	 to	 1000-fold	
lower	cytotoxicity	on	a	HER2-low	expressing	cell	line	in	vitro	[301].	In	an	in	vivo	
study,	the	ZHER2-PE38	affitoxin	showed	a	potent	anti-tumor	effect	on	three	HER2-
overexpressing	 xenografted	 tumors	 by	delaying	 tumor	 growth,	 and	 in	 the	 best	
case	keeping	tumor	less	than	5%	compared	to	before	treatment	at	the	end	of	the	
80	 days	 study	 [302].	 However,	 the	 half-life	 of	 the	 affitoxin	 was	 only	
approximately	15	min,	and	significant	amounts	of	anti-affitoxin	antibodies	were	
detected	after	 the	 third	dose	 [302].	 Since	 the	half-life	 of	 the	 affitoxin	was	very	
short,	 the	 efficacy	 of	 such	 affitoxins	might	 be	 improved	 if	 its	 serum	half-life	 is	
prolonged.	I	have	investigated	the	 in	vitro	activity	and	 in	vivo	biodistribution	of	
an	anti-HER2	affitoxin	extended	with	an	ABD	between	the	affibody	molecule	and	
PE38X8	to	increase	serum	half-life	in	paper	I	and	II.	Later	Guo	et	al.	fused	an	ABD	
to	 the	N-terminal	of	 the	anti-HER2	affitoxin	 to	 increase	 the	half-life	 [303].	ABD	
fusion	increased	the	half-life	of	the	anti-HER2	affitoxin	from	13.5	min	to	330	min.	
Although	 the	ABD	 fused	 affitoxin	 had	 a	 2.5-fold	 lower	 cytotoxicity	 in	vitro,	 the	
prolonged	 half-life	 was	 translated	 to	 better	 efficacy	 in	 mice	 with	 xenografted	
tumors	without	increasing	formation	of	anti-PE	antibodies	[303].	Guo	et	al.	also	
fused	 a	 version	 of	 PE	with	 deleted	 human	 B-cell	 epitopes	 [293]	 to	 ZHER2.	 This	
deimmunized	 anti-HER2	 affitoxin	 had	 significantly	 higher	 tolerability	 in	 mice,	
and	 could	 be	 given	 at	 doses	 up	 to	 10	 mg/kg.	 Formation	 of	 anti-affitoxin	
antibodies	 was	 also	 significantly	 lower	 [304].	 In	 summary,	 prolonged	 half-life	
and	lower	immunogenicity	were	translated	to	a	higher	anti-tumor	activity	in	the	
xenograft	tumor	models	used.		
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Chapter	5	

5 Present	investigation	
Antibodies	have	become	one	of	the	main	classes	of	molecules	for	targeted	cancer	
therapy	during	the	last	decade,	either	acting	on	their	own	or	in	conjugation	with	
cytotoxic	payloads.	Alternative	scaffold	affinity	proteins	have	recently	emerged	
as	competing	as	well	as	complementing	agents	to	antibodies.	The	studies	in	this	
thesis	 focus	 on	 construction	 and	 evaluation	 of	 two	 alternative	 scaffold	 affinity	
proteins,	affibody	molecules	and	ADAPTs,	in	conjugation	with	cytotoxic	proteins	
and	small	molecular	drugs	for	targeted	cancer	therapy.		

Affibody	molecules	and	ADAPTs	themselves	usually	do	not	possess	potent	anti-
tumor	 cytotoxic	 effects.	 Arming	 them	 with	 an	 effector	 molecule,	 such	 as	 a	
cytotoxic	 protein	 or	 small	 molecule	 drug,	 is	 an	 attractive	 way	 to	 produce	 a	
tumor-targeted	 therapeutic	 agent.	 HER2	 was	 chosen	 as	 target	 in	 the	 studies	
comprising	 this	 thesis,	 since	 it	 is	 an	 established	 tumor	 marker.	 Cytotoxic	
payloads	 involved	 in	 this	 thesis	 include	 Pseudomonas	 exotoxin	 A	 (PE),	 PE38,	
PE38X8,	 PE25	 (Fig.	 9)	 and	 mc-DM1.	 Prolonged	 serum	 half-life	 is	 generally	
recognized	as	a	desired	property.	We	have	used	an	albumin-binding	domain	to	
prolong	the	serum	half-life	in	all	the	studies	in	this	thesis.	In	paper	I,	I	developed	
and	 characterized	 anti-HER2	 affibody	 molecule	 (ZHER2),	 PE38X8	 and	 ABD	
containing	 fusion	 toxins	 for	 killing	 of	 HER2	 overexpressing	 tumor	 cells.	 The	
biodistribution	of	the	fusion	toxins	designed	in	paper	I	was	studied	in	paper	II.	In	
paper	III,	we	designed	and	evaluated	HER2	targeting	fusion	toxins	consisting	of	
ADAPT6,	 an	 ABD	 and	 PE25.	 In	 paper	 IV,	 several	 different	 versions	 of	 ZHER2-
containing	targeting	domains	were	conjugated	with	mc-DM1	and	the	antitumor	
activity	was	investigated	in	vitro	and	in	vivo.		
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5.1 Paper	I	-	Target-specific	cytotoxic	effects	on	HER2-
expressing	cells	by	the	tripartite	fusion	toxin	ZHER2:2891-ABD-
PE38X8,	including	a	targeting	affibody	molecule	and	a	half-
life	extension	domain	

Immunotoxins	 usually	 consist	 of	 antibody	 fragments,	 such	 as	 Fabs	 or	 scFvs,	
coupled	with	cytotoxic	proteins,	such	as	Pseudomonas	Exotoxin	A	or	diphtheria	
toxin.	Antibody	fragments	rather	than	full	antibodies	are	used	in	immunotoxins,	
mainly	 due	 to	 their	 smaller	 sizes	 and	 easier	 expression	 in	 bacterial	 systems,	
which	 is	 generally	 resistant	 to	 the	 cytotoxic	 action	 of	 immunotoxins.	 Affibody	
molecules	are	alternative	scaffold	affinity	proteins	with	a	very	small	size	(7	kDa)	
that	 gives	 high	 expression	 yield	 in	 E.	 coli.	 Therefore	 they	 are	 interesting	
alternatives	 to	 antibody	 fragments.	 Previously,	 a	 fusion	 toxin	 consisting	 of	 an	
anti-HER2	 affibody	 molecule	 (ZHER2:342)	 and	 PE38,	 a	 truncated	 version	 of	
Pseudomonas	 Exotoxin	 A,	 was	 presented	 and	 named	 an	 affitoxin	 [301],	 which	
was	 created	 for	 treatment	 of	 HER2-overexpressing	 tumors	 The	 affitoxin	
displayed	 very	 potent	 and	 selective	 anti-tumor	 activity	 towards	 HER2-
overexpressing	tumor	cells	in	vitro.	However,	an	in	vivo	pharmacokinetic	study	of	
the	affitoxin	 indicated	 that	 its	half-life	was	only	around	8	min	 [302],	which	we	
thought	might	limit	its	efficacy.		
In	this	paper,	we	have	constructed	several	ZHER2-PE	fusion	toxins	based	on	ZHER2-
PE38	(Figure	10).	The	new	fusion	toxins	differ	from	the	previous	one	in	several	
aspects.	 In	 order	 to	 prolong	 the	 half-life	 of	 the	 affitoxin,	 an	 albumin	 binding	
domain	 (ABD)	 was	 added.	 The	 purification	 tag	 was	 changed	 from	 the	 hexa-
histidine-tag	 to	a	 tag	with	 the	amino	acid	sequence	HEHEHE,	which	previously	
resulted	 in	 a	 decreased	 liver	uptake	of	 a	 radiolabeled	 affibody	molecule	 [305].	
The	anti-HER2	affibody	molecule	was	changed	from	ZHER2:342	to	ZHER2:02891,	which	
is	a	backbone	optimized	version	[140].	There	were	eight	mutations	introduced	in	
PE38,	resulting	in	a	variant	denoted	PE38X8,	which	has	previously	been	shown	
to	give	a	diminished	immune	response	in	mice	[290].		

	
	



Present	investigation	

	40	

Figure	 10.	 Construction	 and	 initial	 characterization	 of	 the	 fusion	 toxins.	 (A)	 Schematic	
representations	of	the	genes	encoding	the	fusion	proteins	are	shown.	Restriction	endonuclease	sites	
used	during	construction	and	linkers	connecting	the	three	domains,	with	the	amino	acid	sequence	
(S4G)3,	are	indicated	on	ZHER2:2891-ABD-PE38X8.	(B)	The	purified	fusion	toxins	were	analyzed	by	SDS-
PAGE	on	a	10%	gel.	Numbers	to	the	left	indicate	the	molecular	weight	of	the	marker	proteins	in	kDa.	
1,	ZHER2:342-PE38;	2,	ZHER2:2891-PE38X8;	3,	ZHER2:2891-ABD-PE38X8;	4,	ZTaq-PE38X8;	5,	ZTaq-ABD-PE38X8.	
(C)	The	 chromatograms	 recorded	 during	 gel	 filtration	 of	 the	 fusion	 toxins	 are	 displayed.	 (D)	The	
spectra	of	alkylated	proteins	recorded	during	mass	spectrometry	analysis. 

All	 the	 fusion	 toxins	 designed	 were	 purified	 to	 homogeneity	 after	 sequential	
immobilized	 metal-ion	 affinity	 chromatography	 (IMAC),	 anion	 exchange	
chromatography	 and	 finally	 size-exclusion	 chromatography	 (SEC)	 and	 showed	
the	correct	molecular	weights	measured	by	mass	spectrometry	(Figure	10).	The	
function	 of	 ZHER2	 and	 ABD	 were	 investigated	 by	 biosensor	 analysis.	 The	
equilibrium	 dissociation	 constant	 (KD)	 of	 ZHER2:2891-PE38X8	 and	 ZHER2:2891-ABD-
PE38X8	toward	the	extracellular	domain	of	HER2	were	both	5	nM.	An	interesting	
finding	is	that	the	affinity	of	ZHER2:2891-ABD-PE38X8	to	HER2	was	12	nM	KD,	after	
it	was	pre-incubated	with	human	serum	albumin	(HSA).	This	demonstrated	that	
the	 interaction	 between	 ZHER2:2891-ABD-PE38X8	 and	 HER2	 was	 only	 slightly	
impaired	when	it	is	bound	to	HSA	in	the	circulation.	The	equilibrium	dissociation	
constants	 of	 the	 interaction	 between	 affitoxins	 and	 HER2	 was	 dramatically	
weaker	than	that	of	ZHER2:342	(KD=	22	pM)	and	ZHER2:2891	(KD=	60	pM)	[306][140].	
The	fusion	of	PE38	and	ABD	probably	increased	steric	hindrance	and	therefore	
decreased	the	affinity.	The	affinity	reduction	in	presence	of	HSA	might	also	due	
to	 increased	 steric	 hindrance	 by	 bulky	HSA.	 The	 anti-Taq	 polymerase	 affibody	
molecule	 (ZTaq)	was	 used	 as	 negative	 control,	 and	 the	 two	 ZTaq	 PE38X8	 fusion	
toxins	did	not	bind	to	HER2	at	any	of	the	concentrations	tested.	ABD	in	the	fusion	
toxins	bound	to	HSA	and	mouse	serum	albumin	(MSA),	but	not	to	bovine	serum	
albumin	(BSA),	as	expected	[175].	
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Figure	 11.	 Analysis	 of	 relative	 HER2	 expression	 on	 SKOV-3,	 SKBR-3	 and	 A549	 cells	 and	
determination	 of	 the	 cytotoxicity	 of	 the	 fusion	 toxins.	 (A,	 C	 and	 E)	 The	 relative	 expression	
levels	 of	 HER2	 on	 SKOV-3,	 SKBR-3	 and	 A549	 cells,	 respectively,	 were	 determined	 by	 flow	
cytometry.	Blue	lines	indicate	spectra	after	incubation	with	primary	and	secondary	antibody,	
red	 lines	 indicate	 control	 spectra	 recorded	 after	 incubation	 with	 secondary	 antibody	 only	
and	 green	 lines	 indicate	 control	 spectra	 recorded	 of	 the	 cells	without	 incubation	with	 any	
antibody.	The	cytotoxicities	were	analyzed	by	incubating	serial	dilutions	of	the	fusion	toxins	
with	SKOV-3,	SKBR-3	and	A549	cells.	(B,	D	and	F)	Cell	viability	are	plotted	on	the	y-axis	as	a	
function	 of	 fusion	 toxin	 concentration	 on	 the	 x-axis.	 The	 viabilities	 of	 cells	 cultivated	 in	
growth	media	without	addition	of	any	toxin	were	set	to	100%	for	each	panel.	Each	point	was	
measured	in	triplicates	and	the	error-bars	correspond	to	1	SD.	ZHER2:342-PE38	(●);	ZHER2:2891-
PE38X8	(n);	ZHER2:2891-ABD-PE38	(u);	ZTaq-PE38X8	(▼);	ZTaq-ABD-PE38X8	(▲).	

The	cytotoxicity	of	 the	 fusion	 toxins	was	measured	 in	vitro	on	SKBR-3,	SKOV-3	
and	A549	cell	lines	expressing	different	amounts	of	HER2.	The	HER2	expression	
levels	of	 these	 three	cell	 lines	were	measured	by	 flow	cytometry.	Both	SKOV-3	
and	 SKBR-3	 cell	 lines	 had	 high	 HER2	 expression	 and	 A549	 had	 low	 HER2	
expression	 (Figure	 11).	 The	 ZHER2	 affitoxins	were	much	more	 potent	 than	 ZTaq	
fusion	toxins	on	all	the	cell	lines,	demonstrating	over	1000-fold	difference	(Table	
1).	In	addition,	ZHER2	affitoxins	were	more	potent	on	SKBR-3	and	SKOV-3	than	on	
the	A549	cell	 line,	which	 indicates	 that	HER2	expression	 level	 is	a	determining	
factor	of	the	cytotoxicity.	Among	the	three	ZHER2	affitoxins,	the	order	of	potency	
was	 ZHER2:2891-ABD-PE38X8<	 ZHER2:2891-PE38X8<	 ZHER2:342-PE38	 on	 all	 the	 cell	
lines	tested	(Table	1).	However,	ZHER2:2891-ABD-PE38X8	was	still	very	potent	with	
a	picomolar	 IC50	value.	The	 reasons	 for	weaker	 cytotoxicity	might	be	a	weaker	
affinity	in	combination	with	the	eight	mutations	on	PE38.		
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The	potency	of	ZHER2:2891-ABD-PE38X8	was	also	demonstrated	by	a	contact	time	
experiment.	We	incubated	SKOV-3	cells	with	ZHER2:2891-ABD-PE38X8	for	different	
times	at	a	concentration	that	would	kill	close	to	100%	of	the	cells	(500	pM).	A	15	
min	incubation	time	caused	50%	cell	death.		
Table	1. Cytotoxicity	of	fusion	toxins	on	different	tumor	cell	lines.	

Cell	
line	

HER2	
expression	

level	

IC50	(pM)	

ZHER2:342-
PE38	

ZHER2:2891-
PE38X8	

ZHER2:2891-
ABD-PE38X8	 ZTaq-PE38X8	

ZTaq-ABD-
PE38X8	

SKBR-3	 High	
0.16	(0.12-
0.23)a	

2.1	(1.5-
2.9)	 5.6	(4.0-7.8)	

22,000	
(14,000-
32,000)	

1,400	(900-
2,100)	

SKOV-3	 High	
5.1	(4.0-
6.4)	

6.9	(5.5-
8.8)	 25	(20-32)	

24,000	
(19,000-
30,000)	

19,000	
(15,000-
24,000)	

A549	 Moderate	 50	(35-71)	 160	(110-
230)	

300	(210-
430)	

32,000	
(22,000-
45,000)	

37,000	
(26,000-
52,000)	

aRange	(95%	confidence	interval).	

	
The	 HER2-specific	 cytotoxicity	 was	 further	 investigated	 with	 two	 blocking	
experiments.	 In	 one	 experiment,	 the	 cytotoxicity	 of	 ZHER2:2891-ABD-PE38X8	 on	
SKOV-3	cells	could	be	blocked	by	an	excess	amount	of	ZHER2:342,	which	confirmed	
the	HER2-specific	cytotoxicity	(Figure	12).	ZHER2:342	binds	to	the	same	epitope	as	
ZHER2:2891	 on	 HER2	 [140].	 In	 another	 experiment,	 SKOV-3	 cells	 were	 pre-
incubated	with	different	excess	amounts	of	ZHER2:342	to	block	available	receptors	
before	 incubation	with	ZHER2:2891-ABD-PE38X8.	The	results	 showed	 that	around	
100-	 to	 1000-fold	 excess	 of	 ZHER2:342	 could	 fully	 block	 the	 cytotoxicity	 of	
ZHER2:2891-ABD-PE38X8	(Figure	12).	
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	Figure	12.	Analysis	of	 toxin	specificity.	SKOV-3	cells	were	 incubated	with	different	proteins	
for	72	h	followed	by	determination	of	cell	viability.	The	viability	of	cells	cultivated	in	growth	
medium	without	addition	of	any	toxin	was	set	to	100%	for	each	panel.	(A)	From	left	to	right,	
incubation	 with	 25	 pM	 ZHER2:2891-ABD-PE38X8;	 100	 nM	 transferrin;	 100	 nM	 ZHER2:342;	 cells	
were	 pre-incubated	 with	 100	 nM	 transferrin	 for	 5	 min	 followed	 by	 addition	 of	 25	 pM	
ZHER2:2891-ABD-PE38X8;	cells	were	pre-incubated	with	100	nM	ZHER2:342	for	5	min	followed	by	
addition	 of	 25	 pM	 ZHER2:2891-ABD-PE38X8.	 (B)	 Cells	 were	 pre-incubated	 with	 an	 excess	 of	
ZHER2:342	for	5	min	followed	by	addition	of	500	pM	ZHER2:2891-ABD-PE38X8.	Numbers	below	the	
panel	 correspond	 to	 the	 different	molar	 ratios	 between	 ZHER2:342	and	 ZHER2:2891-ABDPE38X8.	
Each	 data-point	 corresponds	 to	 the	 average	 measured	 viability	 of	 three	 independent	
experiments.	The	error-bars	indicate	1	SD.	

In	conclusion,	a	tripartite	fusion	toxin	based	on	a	deimmunized	version	of	PE38	
was	 successfully	 constructed.	 Although	 ZHER2:2891-ABD-PE38X8	 had	 lower	
cytotoxicity	 compared	 to	 the	 original	 fusion	 toxin,	 it	 will	 be	 interesting	 to	
investigate	further	to	characterize	its	extended	half-life,	low	immunogenicity	and	
possible	low	liver	uptake	features	in	vivo.		
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5.2 Paper	II	-	Influence	of	molecular	design	on	biodistribution	
and	targeting	properties	of	an	Affibody-fused	HER2-
recognising	anticancer	toxin	

In	 paper	 I,	 we	 have	 shown	 that	 the	 affibody	 fusion	 toxins	 had	 potent	 specific	
cytotoxicity	 to	 HER2	 overexpressing	 tumor	 cells	 in	 vitro.	 However,	 the	 in	 vivo	
efficacy	 of	 a	 drug	 is	 influenced	 by	 many	 factors,	 of	 which	 one	 is	 its	
biodistribution.	 Normally,	 a	 good	 anti-tumor	 therapeutic	 agent	 should	
accumulate	 at	 a	 sufficiently	 high	 concentration	 in	 the	 tumor,	while	 having	 low	
accumulation	in	healthy	tissue,	which	is	translated	to	high	drug	availability	and	
minimal	toxicity	to	healthy	tissues.	The	drug	should	also	have	long	enough	half-
life	 in	circulation	so	 that	 frequent	drug	administration	can	be	avoided,	and	 the	
blood	level	will	be	more	even.		
The	 aim	 of	 this	 paper	 was	 to	 study	 the	 influence	 on	 biodistribution	 of	 new	
features	 introduced	by	molecular	 design	 to	 an	 affibody-PE38	 fusion	 toxin.	 The	
study	 was	 carried	 out	 by	 comparing	 the	 biodistribution	 of	 H6-ZHER2:342-PE38,	
(HE)3-ZHER2:2891-PE38X8	 and	 (HE)3-ZHER2:2891-ABD-PE38X8	 to	 determine	 the	
influence	 of	 the	 purification	 tag	 and	 the	 ABD	 on	 biodistribution.	 These	 fusion	
toxins	were	purified	to	homogeneity	the	same	way	as	in	paper	I.	They	were	then	
radiolabeled	with	111In	and	used	to	perform	the	following	experiments.	

Cell	 specific	 binding	 was	 confirmed	 by	 blocking	 the	 interaction	 between	
radiolabeled	 fusion	 toxins	 and	 SKOV-3	 cells	 with	 non-labeled	 ZHER2.	 The	 cell-
associated	 radioactivity	 was	 significantly	 reduced	 when	 the	 cells	 were	 pre-
incubated	with	an	excess	amount	of	ZHER2.	All	 fusion	toxins	demonstrated	rapid	
binding	to	HER2	overexpressing	cells,	reaching	a	plateau	at	1-2	h	after	addition	
(Figure	13).	An	interesting	finding	is	that	both	(HE)3-ZHER2:2891-ABD-PE38X8	and	
(HE)3-ZHER2:2891-PE38X8	 showed	 a	 much	 faster	 internalization	 rate	 than	 H6-
ZHER2:342-PE38;	 65-70%	 compared	 to	 <30%	 cell-associated	 radioactivity	 was	
internalized	 after	 2	 h	 incubation	 (Figure	 13).	 Part	 of	 the	 explanation	 may	 be	
attributed	 to	 the	 N-terminal	 modification,	 which	 consisted	 of	 replacing	 the	
hexahistidine-tag	with	 a	 (HE)3-tag.	 And	 the	 eight	mutations	 on	 PE38	may	 also	
play	a	role.	Regardless	of	the	underlying	reasons,	a	higher	internalization	(both	
rate	and	total	amount)	may	be	translated	to	better	efficacy.	The	affinity	(KD)	of	

Figure	13.	Cellular	processing	of	111In-
labeled	H6-ZHER2:342-PE38	(A),	(HE)3-
ZHER2:2891-PE38X8	(B)	and	(HE)3-
ZHER2:2891-ABD-PE38X8	(C)	by	SKOV-3	
cells	during	continuous	incubation.	
Data	are	presented	as	an	average	value	
from	3	samples	±	SD.	
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111In	 labeled	(HE)3-ZHER2:2891-ABD-PE38X8	and	(HE)3-ZHER2:2891-PE38X8	to	HER2	
receptors	on	SKOV-3	 cells	was	 in	 the	 low	nanomolar	 range,	measured	by	 real-
time	radiotracer-receptor	interaction	detection,	and	was	similar	to	the	measured	
affinity	in	paper	I	(Figure	14).	The	data	were	fitted	to	a	1:2	model	rather	than	1:1,	
which	 is	 likely	 caused	 by	 the	 influence	 of	 co-expression	 of	 other	 HER	 family	
receptors	 on	 cell	 surface.	 It	 was	 found	 earlier	 that	 binding	 of	 ZHER2	 to	 HER2-
expressing	 cell	 lines	 in	vitro	was	 influenced	by	 interaction	of	HER2	with	other	
HER2	 family	 receptors	 [307].	 ZHER2	 might	 have	 a	 weaker	 interaction	 with	 a	
subset	of	heterodimerized	HER2.		

	
Figure	 14.	 Representative	 LigandTracer	 sensorgrams	 (binding	 of	 111In-(HE)3-ZHER2-ABD-
PE38X8	(A)	and	111In-(HE)3-ZHER2-PE38X8	(B)	to	SKOV-3	cells).	

The	 substitution	 of	 the	 H6-tag	 with	 the	 more	 hydrophilic	 (HE)3-tag	 was	
previously	 shown	 to	 reduce	 liver	 uptake	 of	 a	 ZHER2	 affibody	 molecule	 [305].	
Therefore,	 we	 compared	 the	 biodistribution	 of	 H6-ZHER2-PE38	 and	 (HE)3-
ZHER2:2891-PE38X8	 to	 determine	 if	 liver	 uptake	 was	 affected	 similarly	 in	 the	
context	 of	 a	 fusion	 toxin.	 The	 (HE)3-tag	 in	 combination	 with	 the	 eight	 point	
mutations	 in	 PE38	 in	 111In-(HE)3-ZHER2:2891-PE38X8	 reduced	 liver	 uptake	 by	
almost	20%	at	4	h	after	 injection	 (Figure	15).	However,	 the	 liver	accumulation	
was	still	high	compared	to	an	affibody	monomer	alone	[305].	This	indicates	that	
PE38	 is	 the	 major	 part	 responsible	 for	 high	 liver	 uptake	 in	 the	 fusion	 toxin,	
which	 is	 supported	 by	 similar	 results	 on	 other	 PE	 based	 immunotoxins	 [308].	
The	 reduction	 in	 hepatic	 uptake	 of	 the	 (HE)3-tag	 containing	 construct	 was	
accompanied	by	a	significantly	increased	renal	uptake,	which	is	likely	due	to	that	
the	radiolabelled	affitoxin	is	reabsorbed	by	the	proximal	tubular	cells	after	 it	 is	
lost	 to	 primary	 urine	 in	 the	 kidneys,	 where	 it	 will	 be	 prone	 to	 enzymatic	
degradation	[308][309].		
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Figure	 15.	 Comparative	 biodistribution	 of	 111In-H6-ZHER2-PE38	 and	 111In-(HE)3-ZHER2-
PE38X8	 in	 female	 NMRI	 mice,	 4	 h	 after	 injection.	 The	 uptake	 values	 are	 presented	 as	 an	
average	value	from	4	animals	±	SD.	

Since	H6-ZHER2:342-PE38	had	very	short	half-life	(~	8	min)	[302],	we	included	an	
ABD	 to	 prolong	 the	 half-life	 of	 the	 fusion	 toxin	 to	 increase	 the	 efficacy.	 The	
comparison	 of	 111In-(HE)3-ZHER2:2891-PE38X8	 and	 111In-(HE)3-ZHER2:2891-ABD-
PE38X8	pharmacokinetics	showed	that	 the	addition	of	an	ABD	 increased	blood	
retention	by	28	fold	(see	table	in	paper	II).	A	surprising	finding	was	that	it	was	
still	cleared	much	faster	 than	previously	studied	ABD-fused	Affibody	molecules	
[310],	 [311].	 This	 could	 be	 explained	 by	 the	 high	 liver	 uptake	 of	 PE38	 based	
fusion	toxins	mentioned	earlier.	As	a	result	of	the	longer	retention	in	blood,	111In-
(HE)3-ZHER2:2891-ABD-PE38X8	 showed	 a	 >5-fold	 reduced	 renal	 accumulation	 in	
comparison	 with	 111In-(HE)3-ZHER2:2891-PE38X8.	 The	 higher	 renal	 excretion	 of	
111In-(HE)3-ZHER2:2891-PE38X8	may	 explain	 the	 significantly	 lower	 accumulation	
of	this	construct	in	the	liver.	

We	also	studied	the	biodistribution	of	111In-(HE)3-ZHER2:2891-ABD-PE38X8	in	mice	
with	xenografted	SKOV-3	tumors.	The	tumor	uptake	(5.5±1%ID/g	at	24	h	after	
injection)	 was	 significantly	 (p<0.05)	 higher	 than	 the	 corresponding	 non-
targeting	 control	 construct	 (Figure	 16),	 but	 it	 was	 lower	 than	 its	 parental	
Affibody	ZHER2:2891	(11±4%ID/g	at	24	h	after	 injection)	[312].	This	phenomenon	
was	also	observed	by	Zilienski	et	al.	[302]	who	studied	the	biodistribution	of	H6-
ZHER2-PE38	 and	 ZHER2	 in	 mice	 with	 BT-474	 xenografts.	 They	 attributed	 the	
uneven	distribution	of	H6-ZHER2:342-PE38	to	its	larger	size	compared	to	ZHER2:342.		
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Figure	 16.	 Comparative	 biodistribution	 of	 111In-labelled	 ZHER2:2891-ABD-PE38X8	 and	
ZTaq-ABD-PE38X8	 in	 female	 BALB/c	 nu/nu	 mice	 bearing	 HER2	 expressing	 SKOV-3	
xenografts.	Data	are	presented	as	an	average	value	from	4	animals	±	SD.	

In	 order	 to	 find	 out	 the	 maximum	 tolerated	 dose	 of	 the	 novel	 111In-(HE)3-
ZHER2:2891-ABD-PE38X8,	 three	 doses	 (0.55,	 0.275	 and	 0.1375	 mg/kg)	 were	
injected	 5	 times	 to	 female	 BALB/c	 mice	 (n=6)	 and	 their	 body	 weight	 was	
monitored	 (Figure	 17).	 The	mice	 in	 the	 highest	 dose	 (0.55	mg/kg)	 group	 had	
significant	 loss	 of	 average	weight	 (one	mouse	was	 removed	because	of	 critical	
weight	 loss)	 but	 recovered	 at	 the	 end	 of	 the	 experiment,	 indicating	 that	 0.55	
mg/kg	was	above	the	limit	of	tolerable	dose.	When	mice	were	injected	with	the	
lower	 doses	 (0.275	 and	 0.1375	 mg/kg),	 equivalent	 doses	 providing	 a	 clear	
therapeutic	 effect	 in	 the	 study	 reported	by	Zielinski	 and	 co-workers	 [302],	 the	
mice	 did	 not	 experience	 significant	 weight	 loss	 during	 the	 study	 and	 did	 not	
show	any	other	signs	of	toxicity.	

Figure	17.	Change	in	weight	over	time	in	female	BALB/c	mice	injected	with	different	doses	of	
(HE)3-ZHER2:2891-ABD-P38X8	 as	 indicated	 by	 arrows.	 Data	 are	 presented	 as	 an	 average	
value	from	6	animals	±	SD.	

This	paper	revealed	the	influence	of	ABD	fusion	and	N-terminal	modification	on	
the	biodistribution	of	an	affitoxin.	The	(HE)3-tag	decreased	hepatic	uptake	of	the	
affitoxin	compared	to	 the	H6-tagged	affitoxin.	However,	 the	hepatic	uptake	was	
still	 more	 than	 5	 times	 higher	 than	 the	 uptake	 of	 non-toxin	 fused	 affibody	
molecules	 [305],	 indicating	 that	 the	 liver	 uptake	 of	 the	 affitoxin	 was	 mainly	
driven	by	the	PE	part.	The	addition	of	an	ABD	significantly	prolonged	the	half-life	
of	 the	affitoxin	and	 lowered	the	kidney	uptake.	 It	 is	 interesting	to	 investigate	 if	
these	changes	also	increase	the	therapeutic	efficacy	of	the	affitoxin.	In	a	study	by	
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Guo	and	the	co-workers	[303],	the	in	vivo	efficacy	of	a	similar	fusion	toxin,	ABD-
ZHER2-PE38	 were	 found	 to	 have	 an	 increased	 anti-tumor	 efficacy	 in	 mice	 with	
xenografted	 tumors	 compared	with	 a	 construct	 without	 ABD	 addition.	 Similar	
results	were	also	observed	for	anti-mesothelin	immunotoxins	[313].	 	
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5.3 Paper	III	-	Fusion	toxins	consisting	of	a	HER2-interacting	
ABD-derived	affinity	protein	(ADAPT)	fused	to	truncated	
versions	of	Pseudomonas	exotoxin	A	with	high	potency	and	
specificity.	

The	albumin	binding	domain	(ABD)	may	not	only	serve	as	a	 fusion	partner	 for	
half-life	 extension	 as	 in	 paper	 I	 and	 II,	 it	 can	 also	 be	 used	 as	 an	 alternative	
scaffold	protein	where	its	specificity	is	redirected	to	targets	other	than	albumin.	
This	class	of	alternative	scaffold	proteins	is	named	ABD-derived	affinity	proteins	
(ADAPTs).	They	consist	of	only	46	amino	acids,	and	are	thus	even	smaller	than	
affibody	molecules	(58	amino	acids).	ADAPTs	targeting	HER2	with	high	affinity	
have	 been	 generated	 [178].	 A	 variant	 of	 and	 anti-HER2	 ADAPT	 (denoted	
ADAPT6),	 binds	 to	HER2	with	high	picomolar	 affinity	 (KD=	0.5	nM)	and	has	no	
affinity	to	albumin.	It	has	demonstrated	high	contrast	in	a	HER2-xenograft	tumor	
imaging	study	[180].		
Encouraged	by	the	results	obtained	with	the	Pseudomonas	exotoxin	A	affitoxins	
for	targeted	delivery	of	toxic	action	in	paper	I	and	II,	we	believe	that	ADAPT6	can	
also	 direct	 toxins	 to	 tumor	 cells.	 we	 therefore	 constructed	 several	 different	
ADAPT-PE	 immunotoxins	 in	 this	 study.	 As	 mentioned	 in	 paper	 I,	 one	 of	 the	
biggest	problems	of	PE-based	immunotoxins	 is	 the	 immunogenicity,	preventing	
multiple	 cycles	 of	 treatment.	 In	 paper	 I	 and	 II,	 we	 used	 PE38X8	which	 was	 a	
version	where	 the	mouse	B-cell	 epitopes	had	been	 removed.	 In	 this	 paper,	we	
used	a	minimized	and	human	B-	and	T-	cell	epitope	removed	version	of	PE,	PE25	
(Mw	~25	kDa)	[297].			

In	 this	 study,	 we	 constructed	 three	 ADAPT6	 Pseudomonas	 exotoxin	 A	
immunotoxins,	 namely	 ADAPT6-PE25,	 ADAPT6-ABD-PE25,	 and	 ADAPT6-ABD-
PE38X8,	 and	 a	 negative	 control	 immunotoxin,	 ZTaq-ABD-PE25	 (Figure	 18A).	 To	
our	knowledge,	ADAPT6-PE25	is	one	of	the	smallest	immunotoxins	that	has	been	
created.	 The	 small	 size	might	 be	 beneficial	 in	 the	 sense	 of	 tumor	 penetration,	
however	the	serum	half-life	was	predicted	to	be	very	short.	With	the	addition	of	
ABD,	 ADAPT6-ABD-PE25	 was	 predicted	 to	 have	 an	 increase	 in	 half-life.	 The	
purpose	 of	 constructing	 ADAPT6-ABD-PE38X8	 is	 to	 compare	 the	 properties	 of	
PE25	and	PE38X8	both	in	vitro	and	in	later	studies	the	biodistribution	and	anti-
tumor	 activity	will	 also	 be	 compared.	 ZTaq-ABD-PE25	 is	 not	 a	 perfect	 negative	
control,	 since	 ZTaq	 is	 slightly	 bigger	 than	 ADAPT6.	 However,	 both	 ZTaq	 and	
ADAPT6	adopt	a	similar	three-α-helical	bundle	structure	and	are	of	similar	size.		
All	 the	 ADAPT6	 immunotoxins	 were	 expressed	 in	 E.	 coli	 and	 purified	 to	
homogeneity	by	IMAC	followed	by	anion	exchange	chromatography	for	ADAPT6-
PE25,	 or	 HSA-based	 affinity	 chromatography	 followed	 by	 anion	 exchange	
chromatography	for	the	other	constructs	(Figure	18B).	Analytical	size	exclusion	
chromatograms	 indicated	 no	 formation	 of	 aggregates	 for	 any	 of	 the	
immunotoxins	(Figure	18C).			

The	affinities	of	the	purified	ADAPT6	immunotoxins	for	HER2	were	measured	by	
biosensor	analysis	 in	a	Biacore	with	a	chip	with	immobilized	HER2,	following	a	
similar	procedure	as	was	described	in	paper	I.	The	affinity	(KD)	of	ADAPT6-PE25,	
ADAPT6-ABD-PE25,	and	ADAPT6-ABD-PE38X8	to	HER2	were	10,	15	and	26	nM,	
respectively.	Similar	to	affibody-based	immunotoxins,	these	immunotoxins	had	a	
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decreased	 affinity	 compared	 to	 the	 ADAPT6	 monomer	 (KD	 0.5	 nM)	 [178]	 for	
HER2.	 The	 affinities	 were	 affected	 to	 a	 less	 extent	 in	 the	 case	 of	 ADAPT6	
immunotoxins	compared	to	the	affibody	immunotoxins	 investigated	in	papers	I	
and	 II.	 It	was	also	 found	 that	 the	bigger	 the	 fusion	partners	are,	 the	more	 they	
have	 a	 negative	 influence	 on	 affinity.	 The	 sizes	 of	 the	 immunotoxins	 and	 the	
values	 of	 KD	 followed	 the	 same	 order,	 ADAPT6-PE25<ADAPT6-ABD-
PE25<ADAPT6-ABD-PE38X8.		

Figure	 18.	 Construction,	 purification	 and	 initial	 biochemical	 characterization	 of	 the	 fusion	
toxins.	A)	Schematic	representation	of	the	fusion	toxins.	B)	The	purified	toxins	were	analyzed	
by	separation	on	a	10%	SDS-PAGE	gel.	Numbers	to	the	left	are	the	molecular	weight	of	the	
marker	proteins	(kDa)	 in	 lane	M.	Lane	1,	ADAPT6-PE25;	 lane	2,	ADAPT6-ABD-PE25;	 lane	3,	
ADAPT6-ABD-PE38X8;	 lane	 4,	 ZTaq-ABD-PE25.	 C)	Overlay	 of	 chromatograms	 obtained	 after	
analytical	 size-exclusion	 chromatography	 of	 the	 fusion	 toxins.	 The	 numbers	 above	 the	
overlayed	chromatograms	are	the	molecular	weights	(kDa)	of	protein	standards.	

The	affinities	of	ADAPT6	immunotoxins	to	HSA	and	MSA	were	also	measured	by	
biosensor	analysis	on	a	chip	with	immobilized	HSA	and	MSA.	Both	ADAPT6-ABD-
PE25	 and	 ADAPT6-ABD-PE38X8	 had	 nanomolar	 range	 KD	 affinity	 to	 HSA	 and	
MSA,	where	the	affinities	to	HSA	were	several	folds	higher	than	that	to	MSA.	This	
result	 confirmed	 that	 ABD	 was	 functional,	 although	 the	 affinities	 were	
dramatically	lower	than	the	affinity	of	ABD	alone	for	the	same	molecules	(KD=50	
fM)	[175].	The	reason	could	be	steric	hindrance	formed	by	ADAPT6	and	PE.		

Table	2.	Cytotoxicity	of	ADAPT	fusion	toxins	on	different	cell	lines	

	

	

Cell	line	

	

HER2	
expression	

IC50	(pM)	

ADAPT6-
PE25	

ADAPT6-
ABD-PE25	

ADAPT6-ABD-
PE38X8	

ZTaq-ABD-
PE3825	

SKBR-3	 +++	 47	 85	 34	 7600	

AU565	 +++	 46	 130	 130	 100,000	

SKOV-3	 +++	 140	 310	 180	 N.D.a	

A549	 +	 5,500	 18,000	 3,400	 100,000	
aN.D.	not	determined	

ADAPT PE25

PE25ABD

Z PE25ABD

A

B

PE38X8ABD
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We	further	determined	the	cytotoxicities	of	all	the	immunotoxins	on	both	HER2	
high	(SKBR-3,	AU565	and	SKOV-3)	and	 low	(A549)	expressing	tumor	cell	 lines.	
The	 ADAPT6	 immunotoxins	 demonstrated	 picomolar	 IC50	 values	 on	 SKBR-3,	
AU565	 and	 SKOV-3	 cells	 (Figure	 19	 and	 Table	 2).	 For	 SKBR-3	 cells	 the	 IC50-
values	ranged	from	34	to	85	pM,	for	AU565	they	ranged	from	46	to	128	pM	and	
for	SKOV-3	 they	ranged	 from	138	 to	310	pM.	The	 IC50	values	of	 the	non-target	
control,	ZTaq-ABD-PE25,	were	found	to	be	between	7.6	nM	to	more	than	100	nM	
for	 the	 same	 cell	 lines.	 The	 difference	 in	 cytotoxicity	 between	 the	 ADAPT6	
immunotoxins	and	 the	ZTaq	 immunotoxin	was	 two	 to	 thee	orders	of	magnitude	
for	 the	 three	 cell	 lines,	 indicating	a	wide	 therapeutic	window.	All	 fusion	 toxins	
demonstrated	 substantially	weaker	 cytotoxic	 potential	 for	A549	 cells	with	 low	
HER2	 expression	 (Figure	 19)	 compared	 to	 the	 cell	 lines	 with	 high	 HER2	
expression.	 The	 IC50-value	 for	 A549	 ranged	 from	 3	 to	 15	 nM	 for	 the	 ADAPT6	
containing	fusion	toxins	and	was	more	than	100	nM	for	the	control.	This	result	
supported	the	wide	therapeutic	window	from	another	angle.		
One	of	 the	variants,	ADAPT6-ABD-PE25,	was	chosen	for	 further	 investigation	of	
the	specificity.	The	experiment	setup	was	basically	 the	same	as	 that	 in	paper	 I.	
The	results	showed	that	only	an	excess	amount	of	 free	ADAPT6	rather	than	the	
irrelevant	 transferrin	 control	 protein	 could	 block	 the	 cytotoxicity	 of	 ADAPT6-
ABD-PE25.	And	the	blocking	effects	were	dependent	on	the	concentration	of	free	
ADAPT6,	where	an	increase	rescued	cell	viability.		

Figure	 19.	Determination	 of	 the	 in	 vitro	 cytotoxicity	 of	 the	 fusion	 toxins.	 The	 cytotoxicities	
were	 determined	 by	 incubating	 serial	 dilutions	 of	 the	 fusion	 toxins	 with	 SKBR-3,	 AU565,	
SKOV-3	and	A549	cells.	(A,	B,	C	and	D)	Cell	viability	is	plotted	on	the	y-axis	as	a	function	of	
fusion	 toxin	 concentration	on	 the	x-axis.	The	viability	of	 cells	 cultivated	 in	growth	medium	
without	addition	of	any	toxin	was	set	to	100%	for	each	panel.	The	data	was	fitted	with	a	log	
(inhibitor)	 vs.	 response	 (four	 parameters)	 function.	 Each	 data	 point	 corresponds	 to	 the	
average	of	four	independent	experiments	and	the	error-bars	correspond	to	1	SD.	
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In	conclusion,	the	novel	alternative	scaffold	affinity	protein	ADAPT	can	be	used	
as	 a	 targeting	 moiety	 in	 immunotoxins.	 ADAPT	 Pseudomonas	 exotoxin	 A	
immunotoxins	 constructed	 in	 this	 paper	 had	 potent	 and	 specific	 anti-tumor	
activity	in	vitro.		
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5.4 Paper	IV	-	Affibody-derived	Drug	Conjugates:	Potent	
Cytotoxic	Drugs	For	Treatment	Of	HER2	Over-Expressing	
Tumors		

Antibody	drug	conjugates	(ADCs)	are	promising	therapeutics,	since	they	deliver	
a	 higher	 cytotoxicity	 compared	 to	 naked	 antibodies	 and	 may	 sometimes	
overcome	resistance	to	antibody	therapies.	Several	ADCs	have	been	approved	by	
the	 FDA	 and	 the	 EMA,	 and	 several	 more	 are	 under	 clinical	 and	 pre-clinical	
development.	We	hypothesized	 that	 affibody	molecules	 can	 also	be	 conjugated	
with	cytotoxic	drugs	 for	 targeted	cancer	 therapy.	Affibody	molecules	may	have	
advantages	 over	 antibodies	 in	 terms	 of	 site-specific	 conjugation.	 Affibody	
molecules	do	not	contain	any	cysteines,	which	 is	a	major	reaction	site	 for	drug	
conjugation	 in	 ADCs.	 One	 or	 several	 cysteine	 residues	 could	 therefore	 be	
introduced	in	affibody-based	constructs	for	site-specific	and	homogeneous	drug	
conjugation.	 It	 is	 also	 easy	 to	 separate	 affibody-drug	 conjugates	 from	 non-
conjugated	affibody	molecules	after	the	conjugation	reaction,	due	to	the	fast	and	
easy	 refolding	 of	 affibody	 molecules.	 Harsher	 separation	 methods,	 such	 as	
reverse	 phase	 high	 performance	 liquid	 chromatography	 (RP-HPLC),	 can	 be	
employed	for	purification	of	the	conjugates	to	homogeneity.				

Figure	20.	Illustration	of	the	mechanism	of	action	of	the	affibody-mc-DM1	conjugates.		

In	this	study,	we	genetically	introduced	a	cysteine	residue	for	conjugation,	at	the	
C-terminal	 end	 of	 several	 variants	 of	 ZHER2	 molecules,	 including	 a	 ZHER2-Cys	
monomer,	 a	 ZHER2	 dimer	 linked	with	 a	 G4S	 linker	 ((ZHER2)2-Cys),	 a	 ZHER2	 dimer	
followed	with	an	ABD	molecule	((ZHER2)2-ABD-Cys)	and	(ZTaq)2-ABD-Cys	as	non-
specific	control	(Figure	21).	The	cytotoxic	payload	DM1	was	already	coupled	to	a	
maleimidocaproyl	(mc)	linker,	which	may	react	with	the	sulfhydryl	group	on	the	
cysteines,	 forming	 a	 thioether	 bond	 at	 pH	 6.5	 to	 7.5.	 The	mc-DM1	 conjugated	
affibody	molecules	could	be	easily	separated	from	non-conjugated	affibody	and	
unreacted	mc-DM1	using	RP-HPLC.	The	conjugation	 rates	varied	between	40%	
and	 90%.	 The	 molecular	 weights	 of	 the	 purified	 affibody	 molecule	 mc-DM1	
conjugates	were	verified	with	MALDI-TOF-MS.		
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Figure	 21.	 Production	 and	 initial	 characterization	 of	 the	 affibody-mc-DM1	 conjugates.	 (A)	
Schematic	representations	of	 the	proteins	are	shown.	All	domains	 in	multi-domain	proteins	
were	connected	by	 the	amino	acids	G4S,	but	 is	only	 shown	 for	 (ZHER2:2891)2-Cys.	 (B)	The	
purified	proteins	were	analyzed	by	SDS-PAGE	under	reducing	conditions.	Numbers	to	the	left	
indicate	molecular	weight	 (kDa)	 of	 the	marker	 in	 lane	M.	 (C)	 Schematic	 representation	 of	
mc-DM1	conjugated	to	the	C-terminal	cysteine	of	an	affibody.	(D)	Conjugates	after	final	RP-
HPLC	 purification	were	 analyzed	 by	 SDS-PAGE	under	 reducing	 conditions.	Numbers	 to	 the	
left	indicate	molecular	weight	(kDa)	of	the	marker	in	lane	M.	

To	verify	the	function	of	ZHER2	after	RP-HPLC	purification,	the	purified	conjugates	
were	analyzed	by	a	real-time	biosensor.	The	equilibrium	dissociation	constants	
(KD)	of	ZHER2-mc-DM1	and	 indoacetamide	(IAA)	alkylated	ZHER2-Cys	were	 found	
to	be	similar	(112	and	137	pM,	respectively)	indicating	that	mc-DM1	conjugation	
did	not	affect	the	affinity	of	ZHER2	to	HER2.	For	the	bivalent	(ZHER2)2-ABD-mc-DM1,	
the	 kinetic	 data	 were	 fitted	 using	 1:1	 interaction	 model	 and	 the	 acquired	
apparent	 KD	 was	 200	 pM	 for	 the	 HER2	 immobilized	 surface.	 The	 result	 thus	
showed	 a	 strong	 interaction	 of	 (ZHER2)2-ABD-mc-DM1	 with	 HER2,	 despite	 mc-
DM1	 conjugation.	 The	 interaction	 of	 (ZHER2)2-ABD-mc-DM1	 with	 different	
albumins	 was	 analyzed	 on	 a	 chip	 with	 immobilized	 serum	 albumin	 of	 human	
(HSA),	mouse	(MSA)	and	bovine	(BSA)	origin.	As	expected,	 the	conjugate	could	
interact	with	HSA	and	MSA,	but	not	BSA	[175].		

The	 in	 vitro	 cytotoxicity	 of	 affibody	 molecule	 mc-DM1	 conjugates	 was	
investigated	 by	 incubating	 tumor	 cell	 lines,	 having	 different	 levels	 of	 HER2	
expression,	with	the	conjugates.	We	also	performed	a	head-to-head	comparison	
with	the	FDA	approved	drug	trastuzumab-DM1	in	this	study.	Since	our	affibody-
mc-DM1	conjugates	only	have	one	molecule	of	DM1	per	affibody	molecule	while	
T-DM1	has	on	average	3.5	DM1	per	trastuzumab	molecule,	IC50	values	of	T-DM1	
were	 translated	 to	 IC50	 per	 DM1	molecule.	 The	 T-DM1	 IC50	 values	 mentioned	
below	 are	 all	 translated	 values.	 All	 the	 HER2-targeting	 affibody-mc-DM1	
conjugates	showed	strong	cytotoxicity	to	the	HER2	overexpressing	breast	tumor	
cell	line	SK-BR-3,	with	values	ranging	from	0.2	to	0.5	nM,	similar	to	T-DM1	(IC50=	
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0.2	nM)	(Figure	22).	The	non-targeting	control	had	an	IC50	over	50	nM,	indicating	
at	 least	 a	 two	 orders	 of	 magnitude	 therapeutic	 window.	 All	 the	 conjugates	
showed	 similar	 cytotoxicity	 for	 the	 breast	 tumor	 cell	 line	 AU565.	 On	 another	
HER2-overexpressing	ovarian	tumor	cell	line	SK-OV-3,	the	anti-HER2	conjugates	
also	 had	 strong	 cytotoxic	 effects,	 with	 IC50	 values	 ranging	 from	 1.9	 to	 7.8	 nM,	
which	are	slightly	higher	than	T-DM1	(IC50=	0.5	nM).	The	transitions	of	 the	kill	
curves	 of	 the	 affibody-mc-DM1	 conjugates	 were	 broader	 compared	 to	
trastuzumab-DM1.	Previously,	trastuzumab-DM1	also	showed	differences	in	the	
transition	of	kill	curves	on	different	cell	lines	[195].	It	is	noteworthy	that	the	IAA	
alkylated	(ZHER2)2-ABD	itself	showed	growth	inhibition	of	the	SKBR-3	and	AU565	
cell	 lines,	while	 had	 a	 growth	promotion	 effect	 on	 SKOV-3	 cells,	 at	 the	 highest	
concentrations.	This	phenomena	has	also	been	observed	earlier	for	dimeric	ZHER2	
on	 SKOV-3	 cells	 [314].	 The	 specificity	 of	 the	 anti-HER2	 affibody-mc-DM1	
conjugates	 were	 demonstrated	 by	 rescuing	 SKBR-3	 cells	 from	 ZHER2-mc-DM1	
action	by	an	increasing	amount	of	free	ZHER2.	Preincubation	with	equal	amount	of	
ZHER2	before	 incubation	with	ZHER2-mc-DM1,	demonstrated	 that	50%	of	SKOV-3	
cells	could	be	rescued	from	ZHER2-mc-DM1.		

	
Figure	22.	Analysis	of	the	cytotoxicity	of	the	affibody	mc-DM1	conjugates.	(A)	Dilution	series	
of	 the	 affibody-mc-DM1	 conjugates,	 (ZHER2:2891)2-ABD-IAA	 and	 trastuzumab	 emtansine	
were	incubated	with	the	cell	 lines	 indicated	above	the	curves.	The	concentration	ranges	for	
the	constructs	were:	100	nM	to	2	pM	(SKBR-3),	100	nM	to	0.6	pM	(AU565),	1µM	to	30	pM	
(SKOV-3),	250	nM	to	0.2	pM	(MCF7).	Relative	viability	of	the	cells	is	plotted	on	the	Y-axis	as	a	
function	of	the	compound	concentration	on	the	X-axis.	The	relative	viability	of	cells	cultivated	
in	 medium	 only	 was	 used	 as	 reference	 (100%).	 Each	 data	 point	 is	 the	 average	 of	 four	
individual	experiments	and	the	error	bars	in	the	figures	correspond	to	1	SD.	

The	promising	in	vitro	results	motivated	us	to	investigate	the	anti-tumor	effect	of	
the	 affibody	mc-DM1	 conjugates	 in	 vivo.	 (ZHER2)2-ABD-mc-DM1	was	 chosen	 for	
the	 in	vivo	 study	 because	 prolonged	 half-life	 by	ABD	 is	 probably	 beneficial	 for	
therapeutic	 efficacy.	 The	 dimeric	 ZHER2	might	 also	 have	 a	 faster	 internalization	
rate	by	dimerization	of	HER2,	which	may	trigger	internalization	[314].	(ZHER2)2-
ABD-mc-DM1	was	radiolabeled	with	111In	to	be	able	to	trace	it	during	the	in	vivo	
study.	 The	 111In	 labeled	 (ZHER2)2-ABD-mc-DM1	 was	 found	 to	 still	 retain	 the	
interaction	with	HER2	on	SKOV-3	cells.	The	internalization	of	111In-(ZHER2)2-ABD-
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mc-DM1	 was	 also	 determined	 to	 be	 moderate,	 with	 32%	 of	 cell	 associated	
radioactivity	internalized	4	h	post	incubation.		
To	study	 the	biodistribution	of	 111In-(ZHER2)2-ABD-mc-DM1,	 it	was	 injected	 into	
NMRI	mice	 and	 radioactivity	 uptake	 in	 each	 organ	was	measured	 4	 h	 p.i..	 IAA	
alkylated	 (ZHER2)2	 was	 used	 as	 a	 control.	 Similar	 to	 other	 ABD	 conjugated	
affibody	 molecules,	 (ZHER2)2-ABD-mc-DM1	 had	 significantly	 longer	 half-life	 in	
circulation	 (t1/2	 14	 h)	 and	 significantly	 reduced	 kidney	 uptake	 (84±7	 vs.	
194±18	%ID/g,	 4	 p.i.).	 However,	 the	 half-life	 was	 relatively	 short	 and	 hepatic	
uptake	 was	 significantly	 higher	 in	 comparison	 with	 other	 ABD-conjugated	
affibody	molecules	 [311].	This	 indicated	a	possible	 increased	 liver	 clearance	of	
the	conjugate,	which	might	be	due	to	the		hydrophobic	properties	of	mc-DM1.		

The	 111In-(ZHER2)2-ABD-mc-DM1	 demonstrated	 HER2-specificity	 in	 mice	 with	
xenografted	 SKOV-3	 (HER2	 positive)	 or	 RAMOS	 (HER2	 negative)	 tumors.	
Obtained	SPECT/CT	images	revealed	that	the	uptake	of	the	conjugate	in	SKOV-3	
tumors	was	14	times	higher	than	that	in	the	RAMOS	tumor.		
To	investigate	the	therapy	effect	of	(ZHER2:2891)2-ABD-mc-DM1,	mice	with	SKOV-3	
tumors	were	 treated	by	5	weekly	 injections	of	 two	doses	of	 the	 conjugate	 (8.5	
and	 4.2	 mg/kg).	 The	 survival	 of	 mice	 in	 both	 treatment	 groups	 increased	
significantly	(p<0.02)	compared	to	the	PBS	control	group,	with	a	median	survival	
of	46	d	(4.2	mg/kg),	37.5	d	(8.5	mg/kg)	and	25	d	(PBS	control).	The	weights	of	
the	mice	 were	 not	 affected	 by	 the	 injections	 of	 the	 conjugate,	 indicating	 good	
tolerance.	Histological	examination	of	execratory	organs,	liver	and	kidney,	which	
had	 the	 highest	 uptake	 of	 the	 conjugate	 among	 the	 organs,	 did	 not	 show	 any	
morphological	 differences	 or	 signs	 of	 injury	 between	 treated	 and	 non-treated	
groups.	In	another	therapy	study,	we	compared	the	anti-tumor	effect	of	(ZHER2)2-
ABD-mc-DM1	 to	 non-targeting	 control	 (ZTaq)2-ABD-mc-DM1	 and	 non-toxic	
control	 IAA	alkylated	 (ZHER2)2-ABD,	with	a	dose	of	8.5	mg/kg	 for	 all	 constructs	
(Figure	23).	The	median	survival	in	the	(ZHER2:2891)2-ABD-mc-DM1	treated	group	
was	58	d,	 significantly	 longer	 than	 the	 (ZHER2:2891)2-ABD-IAA	group	 (21	d),	 PBS	
group	(35	d)	and	(ZTaq)2-ABD-mc-DM1	group	(26	d).	 Interestingly,	 (ZHER2:2891)2-
ABD-IAA	decreased	 the	 survival	of	mice	 compared	 to	PBS	and	 (ZTaq)2-ABD-mc-
DM1	treatments.	 It	was	possibly	caused	by	stimulation	of	 tumor	growth	by	the	
dimeric	affibody	that	we	found	in	the	in	vitro	experiments	and	that	was	found	by	
Ekerljung	et	al.	[314],	[315].	
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Figure	 23.	 Specificity	 of	 treatment	 with	 (ZHER2:2891)2-ABD-mc-DM1.	 (A)	 Survival	 of	BALB/c	
nude	 mice	 (n=6-8)	bearing	s.c.	 HER2-expressing	 SKOV-3	 tumors	 on	 the	 abdomen	 (138±46	
mm3)	after	receiving	6	 intravenous	 injections	of	8.5	mg/kg	(ZHER2:2891)2-ABD-mc-DM1	(red),	
8.3	mg/kg	 (ZTaq)2-ABD-mc-DM1	 (black),	 8.1	mg/kg	 	 (ZHER2:2891)2-ABD-mc-IAA	 (blue)	 or	 PBS	
(green)	every	week	(1	injection	per	week).	(B)	Representation	of	the	average	body	weight	as	
an	indication	of	toxicity	during	treatment.	Mice	weights	were	determined	twice	weekly	and	
values	are	presented	as	average	weight	of	6-8	animals	±	SD.	Arrows	indicate	the	injections.	

In	 conclusion,	 we	 created	 affibody	 drug	 conjugates	 that	 could	 target	 HER2-
overexpressing	 tumors.	 The	 drug	 was	 well	 tolerated	 by	 mice	 and	 could	
significantly	prolong	survival	of	mice	bearing	HER2	over-expressing	tumors.	The	
affibody	drug	conjugate	holds	promise	for	future	therapy	in	humans.	
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5.5 Conclusion	remakes	and	future	perspectives	

The	 studies	 presented	 in	 this	 thesis	 have	 been	 devoted	 to	 using	 affibody	
molecules	 and	 ADAPTs	 as	 the	 targeting	 moieties	 in	 immunotoxins	 and	 drug	
conjugates	to	develop	compounds	suitable	for	targeted	tumor	therapies.	Both	the	
affibody	 molecules	 and	 the	 ADAPT	 in	 this	 thesis	 target	 HER2,	 which	 is	
overexpressed	 in	 around	 20-30%	 of	 breast	 tumor	 and	 is	 strongly	 related	 to	
recurrence	and	poor	prognosis.	 It	 is	 therefore	an	 important	biomarker	and	is	a	
clinically	validated	target	for	targeted	tumor	therapy.		
In	paper	I	and	II,	we	investigated	the	anti-tumor	activity	of	anti-HER2	affibody	
PE38X8	affitoxins.	We	also	investigated	the	influence	of	a	(HE)3-purification	tag	
instead	of	a	H6-tag	and	an	ABD	on	the	in	vitro	and	in	vivo	properties.	The	
affitoxins	can	be	easily	expressed	in	E.	coli	in	soluble	form.	Anti-HER2	affitoxins,	
with	or	without	an	ABD,	had	highly	potent	antitumor	activity	towards	HER2	
overexpressing	tumor	cells	while	they	were	much	less	potent	towards	HER2	
low-expressing	tumor	cells.	To	further	increase	the	specificity	of	the	affitoxins,	
bi-specific	dimeric	affibody	molecules,	such	as	ZHER2-ZHER3,	targeting	two	tumor	
antigens	simultaneously	may	possibly	be	used	so	that	preferentially	the	tumor	
cells	expressing	both	tumor	antigens	may	receive	a	lethal	dose	of	toxin,	
compared	to	normal	cells	expressing	only	one	of	the	tumor	antigens.	Bi-specific	
affitoxins	may	have	increased	internalization	rate	as	well.	An	activation	
mechanism	may	possibly	also	be	introduced	to	increase	the	specificity.	For	
example,	a	prodrug	form	of	affibody	molecules	(pro-affibody)	can	be	used	
instead	of	common	affibody	molecules.	The	pro-affibody	consists	a	common	
affibody	molecule	and	a	peptide	masking	the	paratope	of	the	common	affibody,	
which	are	linked	together	with	a	peptide	linker	containing	a	substrate	sequence	
for	cancer-associated	protease	[316].	The	binding	activity	of	the	pro-affibody	is	
blocked	until	it	reaches	the	tumor	tissue	where	the	cancer-associated	protease	is	
overexpressed.	The	biodistribution	results	showed	that	the	addition	of	an	ABD	
led	to	appreciable	extension	of	time	in	circulation	and	several-fold	reduction	of	
renal	uptake.	The	substitution	of	the	hexa-histidine	tag	with	the	(HE)3	tag	
resulted	in	decreased	liver	uptake.	However,	the	main	driver	of	liver	uptake	was	
PE38X8,	since	liver	uptake	of	the	affitoxin	were	several	folds	higher	compared	to	
affibody	molecule	without	PE38X8	fusion.	In	order	to	further	improve	the	
biodistribution	profile	of	the	affitoxin,	a	possibility	is	to	increase	the	
hydrophilicity	of	the	affitoxin	by	e.g.	PEGylation	or	introducing	hydrophilic	
amino	acid	point	mutations	in	PE38X8.		

In	paper	III,	we	used	an	anti-HER2	ADAPT	coupled	to	PE25,	and	performed	a	
similar	study	to	that	in	paper	I,	to	investigate	the	feasibility	of	ADAPT	
immunotoxins.	The	ADAPT	immunotoxins	were	even	smaller	compared	to	
affitoxins	in	paper	I.	The	anti-HER2	ADAPT	PE25	fusion	toxins	selectively	killed	
HER2	overexpressing	cells	with	a	large	therapeutic	window,	albeit	PE25	
demonstrated	slightly	lower	potency	compared	to	PE38X8.	In	conclusion,	
immunotoxins	consisting	of	an	affibody	molecule	or	ADAPT	as	targeting	moiety	
had	high	potency	and	specificity.	Since	anti-HER2	affibody	molecules	and	the	
ADAPT	bind	to	different	epitopes,	these	immunotoxins	may	be	used	in	
combination	in	a	future	study.	The	affinity	of	the	anti-HER2	ADAPT	for	HER2	was	
similar	to	that	of	scFv	counterpart,	while	much	weaker	than	that	of	the	anti-
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HER2	affibody	molecule.	However,	in	the	context	of	immunotoxin,	anti-HER2	
ADAPT	immunotoxin	had	only	a	bit	weaker	affinity	to	HER2	compared	with	
affibody	molecule	immunotoxin.	The	weaker	affinity	resulted	in	weaker	
cytotoxicity.	However,	a	weaker	affinity	may	increase	the	tumor	uptake	and	
penetration	of	solid	tumors	by	the	immunotoxins.		

Since	the	scaffold	of	affibody	molecules	are	cysteine-free,	we	were	able	to	site-
specifically	conjugate	mc-DM1	to	a	unique	cysteine	introduced	at	the	C-terminal	
end	of	anti-HER2	affibody	constructs	for	targeted	delivery	of	DM1	to	tumor	cells.	
All	variants	of	ZHER2	mc-DM1	conjugates	had	specific	antitumor	activity	toward	
HER2	overexpressing	tumor	cell	lines	and	the	(ZHER2)2-ABD-mc-DM1	also	
delayed	tumor	growth	and	prolonged	survival	of	mice	with	xenografted	tumors.	
In	conclusion,	affibody	drug	conjugates	are	promising	alternatives	to	antibody	
drug	conjugates	(ADCs),	since	they	had	shown	potent	anti-tumor	activity	both	in	
vitro	and	in	vivo.	The	hydrophobic	nature	of	DM1	might	however	contribute	to	
increased	unspecific	uptake	of	the	conjugates.	In	addition,	we	noticed	that	
freeze-thaw	of	the	affibody	drug	conjugates	sometimes	led	to	aggregation	and	
precipitation,	which	might	be	due	to	the	hydrophobic	nature	of	DM1.	In	the	
future,	we	would	like	to	increase	the	hydrophilicity	of	the	conjugates	by	either	
introducing	more	hydrophilic	amino	acids	or	by	PEGylation.	The	
maleimidocaproyl	(mc)	linker	was	shown	previously	losing	payloads	in	
circulation	via	a	retro-Michael	type	reaction,	where	payloads	are	transferred	to	
other	molecules	having	SH	group,	such	as	serum	albumins.	More	stable	linkers	or	
reactions	stabilizing	mc	linker	can	be	applied	in	production	of	conjugates	in	the	
future.			

An	alternative	to	the	targeted	therapy	investigated	in	this	thesis	is	
immunotherapy,	which	is	also	a	new	type	of	cancer	treatment	having	high	
specificity.	Chimeric	antigen	receptor	T-cell	(CAR-T)	therapy	is	one	
representative	possibility	of	immunotherapy	that	has	drawn	attention	recently.	
Last	year,	the	FDA	approved	the	first-ever	CAR	T-cell	therapy,	tisagenlecleucel	
(trade	name	Kymriah®),	to	treat	B-cell	precursor	acute	lymphobastic	leukemia	
patients	who	have	not	responded	to	standard	therapy	or	who	have	relapsed	at	
least	twice.	CAR	T-cell	therapies	have	the	specificities	provided	by	scFvs	in	the	
chimeric	antigen	receptors	(CARs)	and	cytotoxicites	provided	by	CD8+	T-cells.	In	
a	sense,	CAR	T-cells	are	similar	to	immunotoxins,	with	CD8+	cells	as	effector	
“moieties”.	It	is	possible	that	affibody	molecules	and/or	ADAPTs	are	used	in	
production	of	CAR	T-cells	in	the	future.		

Taken	together,	this	thesis	has	shown	the	potential	of	affibody	molecules	and	
ADAPTs	for	targeted	cancer	therapy,	by	directing	cytotoxic	payloads	to	tumor	
cells.	 	
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