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Cancer	is	an	extremely	complicated	disease,	and	even	though	there	have	been	years	

of	effort	in	science	to	understand	and	Nind	a	cure,	it	still	is	one	of	the	most	terminal	

conditions.	Lately,	it	is	more	clearly	understood	that	the	intricate	wiring	of	the	tumor	

microenvironment	 is	 more	 determinative	 than	 the	 intrinsic	 cancerous	 nature	 of	

tumor	cells,	for	both	disease	prognosis	and	treatment	efNiciency.	This	environment	

bears	many	types	of	non-cancerous	cells;	such	as	endothelial	cells,	Nibroblasts,	and	

immune	cells;	 all	 of	which	become	heavily	 inNluenced	by	 the	 cancer	 cells	 through	

their	wiring	of	the	cancer-helping	niche.	As	proved	by	the	success	of	a	cancer	staging	

approach,	 that	 utilizes	 a	 quantiNication	 of	 the	 inNiltration	 of	 cytotoxic	 T	 cell	

populations,	and	which	often	offers	a	more	effective	staging	system	than	traditional	

TNM	staging	for	cancer,	the	low	immunogenicity	of	the	tumor	microenvironment	has	

been	a	new	focus	of	target	for	kinds	of	therapies,	including	cytotoxic	and	immune-

system	stimulation	approaches.	
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One	 such	 approach	 is	 targeting	 tumor-associated	macrophages,	 which	 are	 highly	

specialized	 immune	 cells	 in	 the	 tumor	 microenvironment	 responsible	 for	 many	

biological	 functions	 such	 as	 proliferation	 of	 cancer	 cells,	 enhancement	 of	 cancer	

stemness,	 metastasis,	 and	 a	 low	 immunogenic	 proNile	 around	 the	 environment.	

Amongst	many	 strategies	 against	 these	 cells	 that	 have	 extraordinary	 polarization	

and	 switch-of-function	 capabilities,	 polarizing	 them	 back	 to	 a	 tumor-Nighting	

polarization	 via	 stimulatory	 molecules	 have	 yielded	 promising	 results,	 with	 the	

biggest	obstacle	of	induction	of	a	systemic	immune	response.	

	

Here,	we	have	utilized	liposomal	encapsulation	of	a	Toll-Like	Receptor	7/8	agonist	

called	resiquimod,	in	order	to	re-educate	THP-1	macrophages	that	transformed	into	

tumor-associated	macrophages,	back	to	an	opposite	state	where	they	could	no	longer	

be	 allies	 of	 cancer	 cells.	 We	 have	 characterized	 the	 liposomes	 by	 size	 and	

morphology,	 and	 obtained	 a	 200nm	 size.	 After	we	 showed	 that	 this	 size	 ensured	

selective	phagocytosis	by	macrophages;	we	loaded	resiquimod	molecules	inside	the	

liposomes	 through	 remote	 loading,	 with	 a	 loading	 efNiciency	 of	 96%.	 Tumor-

associated	macrophages	that	were	obtained	by	HT-29-conditioned	media	incubation	

of	THP-1	cells	were	characterized	for	their	polarization	state,	and	were	re-educated	

with	 resiquimod-encapsulating	 liposomes.	 The	 efNiciency	 of	 re-education	 was	

assessed	by	the	reversal	of	tumor-associated	polarization’s	impact	on	HT-29	cells	in	

proliferation	in	standard	cell	culture	by	coverage	assay	and	in	spheroid	culture,	cell	

viability	 by	 Nlow	 cytometry,	 metastatic	 capabilities	 by	 wound-healing	 assay,	 and	

stemness	by	immunocytochemistry	for	CD133.	

	

Overall,	with	a	limitation	of	variety	of	tests	to	assess	biological	functions	of	the	re-

education,	we	have	obtained	promising	results	for	an	immunotherapeutic	approach	

of	re-educating	tumor-associated	macrophages	in	colorectal	cancer.	
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Kanser,	 yıllardır	 üzerinde	 yapılan	 sayısız	 çalışmaya	 rağmen,	 karmaşık	 doğasıyla	

halen	en	ölümcül	hastalıklardan	biridir.	Son	zamanlarda	kanserin	prognozunda	ve	

tedavisinin	 başarısında	 kanser	 hücrelerinin	 yapısal	 değişikliklerinden	 daha	

belirleyici	bir	öge	olarak,	tümör	mikro-ortamının	spesiNik	örüntüsü	dikkat	çekmiştir.	

Bu	ortam	kanser	olmayan	birçok	hücre	barındırır;	endotel	hücreler,	Nibroblastlar	ve	

bağışıklık	hücreleri	bunlardan	bazılarıdır	ki	tüm	bu	hücreler	kanser	hücrelerinin	ağır	

etkisi	 altında,	kansere	yardımcı	bir	 fenotipte	bu	mikro-ortamın	karakteristiklerini	

oluştururlar.	Klinikte	en	sık	şekilde	uygulanan	TNM	sisteminden	bile	daha	efektif	bir	

sınıNlandırma	sistemi	olarak	başarısını	kanıtlamış	bir	sistemin	yalnızca	katı	 tümör	

ortamındaki	 sitotoksik	 T	 hücrelerinin	 dağılımını	 tespitten	 yola	 çıkması,	 tümörün	

immünojenitesinin	 yalnızca	 immünoterapötik	 yaklaşımlarda	 değil,	 geleneksel	

sitotoksik	tedavilerde	de	ne	kadar	önemli	olduğunu	ortaya	koymuştur.	

Tümörün	 azaltılmış	 immünojenitesini	 değiştirmeye	 dayalı	 tedavi	 stratejilerinden	

biri,	 tümör-ilintili	 makrofaj	 hücrelerini	 hedef	 alır.	 Bu	 makrofajlar	 yüksek	 plastik	

kapasiteleriyle	 tümör	 ortamının	 etkisiyle	 farklılaşmış,	 kanserin	 ilerleyişine	 çeşitli	
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şekillerde	destek	olan	hücrelerdir.	Of zellikle	 tümör	hücrelerinin	çoğalmasında,	kök	

hücre	 karakterlerinin	 artmasında,	 metastazın	 desteklenmesinde	 ve	 ortamın	

immünojenitesinin	 azaltılmasında	 fazlasıyla	 etkili	 oldukları	 bilinmektedir.	 Bu	

hücreleri,	 tümöre	 yardımcı	 yerine	 tümöre	 karşı	 bir	 polarizasyona	 çevirmek	

yöntemiyle	birçok	umut	verici	sonuç	elde	edilmişse	bile,	sistemik	enNlamasyon	riski	

nedeniyle	birçoğu	klinikte	sınırlı	şekilde	kullanılmaktadır.	

	

Bu	 çalışmada	 tümör-ilintili	 fenotipe	 çevrilmiş	 THP-1	 makrofajların,	 lipozom	

partiküllerine	 yüklenmiş	 resiquimod	 (Toll	 benzeri	 reseptör	 7/8	 agonisti)	

molekülleri	 ile	 yeniden	 polarizasyonu	 hedeNlenmiştir.	 Lipozomların	 üretim	

aşamasını	 takiben	 boyutları	 200	 nm	 olarak	 karakterize	 edilmiş,	 morfolojileri	

elektron	 mikroskobu	 ile	 gösterilmiş,	 makrofajlar	 tarafından	 seçici	 fagositozları	

analiz	 edilmiş	 ve	 ardından	 içlerine	 uzaktan	 yükleme	 metodu	 ile	 resiquimod	

molekülleri	%96	oranında	bir	başarıyla	yüklenmiştir.	THP-1	makrofajlarının	HT-29-

şartlanmış-medya	 ile	 inkübasyonu	 ardından	 tümör-ilintili	 fenotipe	 evrimleri	

incelendikten	 sonra,	 üretilen	 lipozomlar	 ile	 yeniden	 polarizasyonu,	 HT-29	

hücrelerinin	üzerindeki	biyolojik	etkileriyle	gözlemlenmiştir.	Edindiğimiz	bulgulara	

göre,	 yeniden	 polarizasyon,	 tümör-ilintili	 makrofajların	 HT-29	 hücrelerindeki	

çoğalmayı	 ve	 canlı	 hücre	 sayısını	 arttırıcı,	 migrasyonu	 destekleyici	 ve	 kök	 hücre	

karakterini	yükseltici	etkilerini	kısmi	olarak	tersine	çevirmiştir.	

	

Sonuç	 olarak,	 her	 bir	 biyolojik	 fonksiyona	 yaklaşımda	 kullanılan	 yöntemlerin	

çeşitlerindeki	 limitasyona	 rağmen,	 kolorektal	 kanser	 tümörlerdeki	 tümör-ilintili	

makrofajların	 polarizasyonunun	 tersine	 döndürülmesine	 dayalı	 bir	

immünoterapötik	 yaklaşım	 sunulmuş,	 ileride	 sistemik	 uygulama	 için	 üzerinde	

çalışılabilecek	bir	sistem	olarak	etkinliği	ortaya	konmuştur.	

	

	

Anahtar	Kelimeler:	Tümör-ilintili	makrofajlar,	Resiquimod,	Lipozomlar	
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Chapter	1	

Introduction	

Many	theories	on	cancer	pathogenesis	and	concurrent	therapeutic	approaches	have	

been	 emerging	 for	many	 decades;	making	 it	 one	 of	 the	most	 heavily	 researched	

diseases	of	all	times.	Yet	the	current	rates	of	therapy	failure	for	most	aggressive	and	

later-stage	cancer	cases	are	around	90%	(±5)	(Maeda	&	Khatami,	2018).	Alongside	

problems	 associated	 with	 drug	 development	 and	 low	 clinical	 translatability	 of	

scientiNic	 Nindings,	 one	 fundamental	 reason	 for	 such	 low	 success	 has	 been	 an	

incomplete	 understanding	 of	 the	 disease.	 For	 many	 years,	 certain	 genetic	 and	

epigenetic	conditions	were	considered	as	the	main	root;	yet	even	though	they	are	

necessary	for	cancer	initiation	and	progression,	it	is	now	understood	that	they	are	

inadequate	 (Bejarano	 et	 al.,	 2021;	 de	 Visser	 &	 Joyce,	 2023).	 Microscopic	

examinations	 reveal	 a	 highly	 structured	microenvironment	 collectively	 wired	 by	

both	 malignant	 and	 non-malignant	 cells	 embedded	 in	 an	 altered,	 aberrantly	

vascularized	extracellular	matrix	(de	Visser	&	Joyce,	2023).	The	non-malignant	cells,	

including	 many	 types	 of	 immune	 cells,	 cancer-associated	 Nibroblasts,	 endothelial	

cells,	pericytes,	and	in	some	cases	adipocytes	and	neurons,	were	initially	thought	as	

ineffective	 bystanders	 while	 aggressive	 cancer	 cells	 make	 their	 way	 through	

advanced	stages	 (de	Visser	&	 Joyce,	2023).	Only	 in	 the	 latest	decades,	 the	 tumor-

suppressive	or	tumor-supporting	components	in	the	tumor	microenvironment	have	

been	getting	 some	well-deserved	attention;	 and	 they	had	been	proved	at	 least	 as	

crucial	as	the	intrinsic	features	of	cancer	cells,	for	the	processes	of	cancer	initiation,	

progression,	invasion,	intravasation,	extravasation,	and	even	the	formation	of	pre-
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metastatic	 niche	 (Anderson	&	 Simon,	 2020;	 Baghban	 et	 al.,	 2020;	 Q.	Wang	 et	 al.,	

2023).	To	tackle	how	such	help	occurs,	it	is	crucial	to	comprehensively	analyze	the	

composition	and	functional	state	of	the	tumor	microenvironment,	yet	these	depend	

on	many	variables;	including	patient-speciNic	factors	(González-Silva	et	al.,	2020;	Pan	

&	Jia,	2021;	Q.	Wang	et	al.,	2023),	the	organ	in	which	the	tumor	arises	(Klemm	et	al.,	

2020;	Schneider	et	al.,	2017),	the	nature	of	cancer	cells	and	their	success	in	shaping	

the	 environment	 (Av lvarez-Prado	 et	 al.,	 2023;	 Klemm	 et	 al.,	 2020),	 the	 distinct	

temporal	 and	 spatial	 distribution	 of	 types	 of	 cells	 in	 the	 environment,	 their	

secretome,	cell	surface	receptor	and	ligands,	and	abundance	of	extracellular	vesicles	

(Spranger	&	Gajewski,	2018;	Wellenstein	&	de	Visser,	2018).	Despite	such	level	of	

complexity,	 from	 the	most	 initial	 steps	of	 tumor	 formation	 to	 the	 latest	 stages	of	

carcinogenesis;	in	the	oncology	clinic,	one	commonly	determinative	characteristic	of	

the	 environment	 is	 the	 state	 of	 inNlammation	 and	 the	 level	 of	 immunogenicity	

(Blankenstein	et	al.,	2012;	Multhoff	et	al.,	2012;	Singh	et	al.,	2019;	Zhao	et	al.,	2021).		

	

It	 was	 Nirst	 demonstrated	 around	 twenty	 years	 ago,	 that	 T	 cell	 inNiltrates	 and	

interferon-gamma	 (a	 pro-inNlammatory	 cytokine)	 signatures	 may	 predict	 tumor	

progression	 and	 invasion	 better	 than	 TNM	 staging	 system	 which	 is	 the	 global	

standard	for	classifying	cancer	spread	(T	describing	size	of	the	primary	tumor	and	

its	invasion,	N	describing	regional	lymph	nodes	involved,	and	M	describing	distant	

metastasis)	(Galon	et	al.,	2006).	Numerous	following	clinical	studies	further	validate	

that	T	cell	inNiltration	and	levels	of	pro-inNlammatory	cytokines	are	key	determinants	

at	 the	tumor	microenvironment	 for	 the	prognosis	of	 the	disease,	which	 led	to	the	

crude	deNinitions	of	cold	and	hot	tumors	to	indicate	the	level	of	immunogenicity	(hot	

being	inNlamed	and	high	immunogenicity,	and	cold	being	the	opposite)	(Bindea	et	al.,	

2013;	Fridman	et	al.,	2012;	Galon	et	al.,	2006;	Giraldo	et	al.,	2014;	Zhang	&	Zhang,	

2020).	 These	 crudely	 deNined	 states	 of	 the	 solid	 tumor	 then	 evolve	 into	 another	

classiNication	 system	 called	 Immunoscore	 that	 is	 based	 on	 quantiNication	 of	 two	

lymphocyte	populations	(CD3+	and	CD8+)	at	two	locations:	the	tumor	center	and	the	
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invasive	margin	(Angell	&	Galon,	2013;	Galluzzi	et	al.,	2012;	Galon	et	al.,	2007;	Pagès	

et	 al.,	 2018).	 A	 high	 Immunoscore	 indicates	 an	 immunologically	 hot	 tumor	

microenvironment,	 while	 a	 low	 Immunoscore	 deNines	 a	 cold	 one	 -hence	 a	 lower	

immunogenicity	and	worse	prognosis.	Further	investigations	revealed	an	additional	

altered	phenotype,	which	gives	intermediate	Immunoscore	with	T-cells	found	at	the	

invasive	margin,	in	some	cases	excluded	from	inNiltration	by	physical	hindrance,	and	

in	other	cases	excluded	because	of	an	“immunosuppressive”	environment	(Camus	et	

al.,	2009;	Galon	&	Bruni,	2019).	This	immunogenicity-focused	classiNication	system	

has	been	validated	globally	in	colon	cancer	Nirst	to	have	a	greater	prognostic	value	

than	lymphovascular	invasion,	tumor	differentiation	and	micro-satellite	instability	

status	 as	 well	 (Galon	 et	 al.,	 2013).	 Associated	 with	 the	 worst	 prognoses,	 the	

immunosuppressive	 nature	 of	 the	 cold	 tumors	 apparently	 leads	 the	 disease	

progression	though	not	single-handedly,	still	too	effectively	to	be	overlooked.		

	

This	 immunosuppression	 comes	 from	 the	 fact	 that	 T	 cells	 are	 not	 alone.	 Besides	

them,	 the	 tumor	microenvironment	bears	many	 types	of	 immune	 cells:	 primarily	

myeloid-derived	 suppressor	 cells,	 regulatory	 T	 cells	 and	 tumor-associated	

macrophages;	 all	 of	 which	 play	 substantial	 roles	 in	 wiring	 an	 unforgiving	

environment	 for	 cytotoxic	T	 cells	 to	 enter	 and/or	 function	properly	 (Bates	 et	 al.,	

2018;	De	Cicco	et	al.,	2020).	Tumor-associated	macrophages	undertake	most	of	these	

roles.	 Those	 include	downregulating	TCR-associated	 ζ-chain,	 and	over-expressing	

arginase-1	which	catabolizes	arginine	(De	Cicco	et	al.,	2020)	(an	essential	amino	acid	

for	CD4+	and	CD8+	T	cell	activation),	increasing	reactive	oxygen	species	and	nitric	

oxide	 levels	 in	the	environment	which	 inNluences	many	pathogenetic	mechanisms	

like	angiogenesis,	tumorigenesis,	apoptosis	of	regulatory	T	cells	(Liou	&	Storz,	2010;	

Zhang	 et	 al.,	 2013)	 (apoptotic	 regulatory	 T	 cells	 impose	 a	 substantial	

immunosuppressive	impact	through	oxidative	stress-related	mechanisms	(Kraaij	et	

al.,	2010;	Peng	et	al.,	2021)),	secreting	cytokines	like	transforming	growth	factor-β	

and	interleukin-10	(Jarnicki	et	al.,	2006;	Mirlekar,	2022)	(they	inhibit	regulatory	T	
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cells	and	critically	impact	immune	homeostasis	through	metabolic	signals	(Cao	et	al.,	

2010;	Levings	et	al.,	2002))	as	well	as	C-C	motif	chemokine	ligands	of	CCL5,	CCL20	

and	 CCL22	 which	 contribute	 to	 regulatory	 T	 cell	 recruitment	 to	 the	

microenvironment	to	exert	even	more	of	an	immunosuppressive	impact	(Cui	et	al.,	

2020).	Finding	such	environmental	factors	harsh,	the	T	cells	hardly	make	their	way	

to	the	cancer	cells	(low	Immunoscore)	only	to	be	silenced	with	mainly	checkpoint	

inhibitors	 (intermediate	 Immunoscore).	 Besides	 the	 immunosuppressive	 roles,	

tumor-associated	macrophages	have	 lots	of	other	 functions	throughout	the	whole	

pathogenesis	 (Yang	 et	 al.,	 2020),	 including	 nesting	 a	 cancer	 stem	 cell	 niche,	

meditating	 cross-talks	 between	 various	 types	 of	 cell	 types,	 extracellular	 matrix	

degradation	 during	 invasion,	 chaperoning	 circulating	 tumor	 cells,	 providing	 a	

convenient	embedding	and	microenvironment	wiring	at	the	secondary	tumor	site.		

	

As	much	as	necessary	 it	 is	 to	tackle	these	mechanisms	for	a	more	comprehensive	

picturing	of	the	complex	pathogenesis	of	cancer;	the	immunosuppressive	and	tumor-

accommodating	morphologies	 of	 tumor-associated	macrophages	make	 invaluable	

targets	 in	 treatment	 strategies.	 Such	 methodology	 is	 also	 ground-breaking	 to	

complement	 T-cell	 mediated	 immunotherapies;	 such	 as	 (Waldman	 et	 al.,	 2020):	

immune	 checkpoint	 therapy	 (particularly	 on	 inhibiting	 programmed	 cell	 death	

protein	 1	 and	 cytotoxic	 T	 lymphocyte	 associated	 molecule-4;	 PD-1	 and	 CTL-4	

respectively),	 adoptive	 T	 cell	 transfer	 therapy	 (through	 two	 types	 of	 genetically	

modiNied	T	cells:	chimeric	antigen	receptor-T	cells	and	T-cell	receptor-engineered	T	

cells;	CAR-T	and	TCR-T	therapies	respectively),	cytokine	therapies,	cancer	vaccines,	

and	combination	 therapies.	There	have	been	countless	 success	 stories	with	 these	

strategies	 leading	 to	 remission	 and	 prevention	 of	 relapse	 (Brahmer	 et	 al.,	 2012;	

Brentjens	et	al.,	2013;	Clay	et	al.,	1999a,	1999b;	Hellmann	et	al.,	2018;	Hodi	et	al.,	

2010;	Jaffee	et	al.,	2001;	Kirkwood	et	al.,	1996;	Leach	et	al.,	1996;	Lee	et	al.,	2015;	

Morgan	et	al.,	2016;	Porter	et	al.,	2011;	Rapoport	et	al.,	2015;	Robbins	et	al.,	2011;	

Rosenberg	et	al.,	1985,	1986,	1988;	Rosenberg	&	Restifo,	2015;	Salgia	et	al.,	2003;	
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Soiffer	 et	 al.,	 1998;	 Tura	 et	 al.,	 1994);	 yet	 their	 clinical	 effectiveness	 even	 when	

combined	with	traditional	cytotoxic	therapies	have	been	lower	than	Nirst	anticipated	

(Zhang	 &	 Zhang,	 2020).	 As	 eyes	 turn	 to	 accuse	 the	 immunogenicity	 of	 tumor	

microenvironment,	which	can	be	assessed	clinically	by	Immunoscore:	coldness	and	

hotness	are	non-surprisingly	found	to	be	determining	the	immunotherapy	success	

rate	besides	the	prognosis.	Hence	for	a	next	take	in	cancer	treatment,	of	turning	the	

cold	tumor	microenvironments	hot,	tumor-associated	macrophages	make	promising	

target	 candidates,	 because	 of	 the	 unmatched	 levels	 of	 cellular	 interactions	 and	

molecular	pathways	these	cells	can	mediate.	

	

Still	 in	 its	 infancy,	 there	 have	 been	 attempts	 on	 targeting	 tumor-associated	

macrophages,	with	the	aim	of	repolarizing	these	cells	into	a	pro-inNlammatory	state.	

Because	macrophage	polarization	spectrum	is	often	considered	to	have	two	polars	

of	pro-inNlammatory	M1	and	anti-inNlammatory	M2;	the	repolarization	can	also	be	

phrased	 as	 re-education	 of	 M2-like	 tumor-associated	 macrophages	 into	 M1-like	

macrophages	 that	no	 longer	serves	 for	 the	 immunosuppression,	 recruit	and	dope	

cytotoxic	T	cells,	and	unwire	the	neatly	wired	tumor	microenvironment.	There	have	

been	good	outcomes	with	 this	strategy,	especially	 in	activating	CD4+	and	CD8+	T	

cell-mediated	immunity,	and	various	methodologies	have	been	developed.	Amongst	

many,	one	pharmaceutical	take	is	to	utilize	agonists	for	toll-like	receptors,	which	are	

the	key	receptors	in	mediating	the	polarization	state	of	macrophages.		

	

Toll-like	receptors	belong	to	pattern	recognition	receptors	family,	and	can	recognize	

sets	of	pathogen-associated	and	damage-associated	molecular	patterns	(Yu	&	Feng,	

2018;	 Zhang	 &	 Liang,	 2016).	 Expressed	 by	 innate	 immune	 cells,	 they	 stimulate	

various	signaling	cascades	for	both	defense	and	repair	(Y.	Wang	et	al.,	2016;	Wong	

et	al.,	2009).	Macrophages	express	these	receptors	heavily,	and	do	rely	on	them	often	

for	switching	between	M1	and	M2	polarizations.	With	well-known	impact	of	such	

switch	 on	 development	 and	 progression	 of	 many	 diseases	 (Q.-Q.	 Huang	 &	 Pope,	



	 6	

2009;	Jialal	et	al.,	2014;	So	&	Ouchi,	2010;	Subramanian	et	al.,	2006;	Tsujimoto	et	al.,	

2008),	using	antagonists	and	agonists	for	these	receptors	is	not	a	new	concept	(Gao	

et	al.,	2017;	Jezierska	et	al.,	2011;	Montero	Vega	&	de	Andrés	Martıń,	2009),	yet	their	

use	 in	 oncological	 treatment	 is	 controversial	 (Adams,	 2009;	 Farooq	 et	 al.,	 2021;	

Pahlavanneshan	et	al.,	2021).	The	methodology	and	strategy	for	targeting	depends	

on	the	receptor	localization	and	the	signaling	pathway	it	induces	on	macrophages	(X.	

Chen	et	al.,	2022),	as	well	as	the	other	cells	that	might	be	expressing	the	receptor	

around	the	tumor	microenvironment	and	hence	the	possibility	of	dual	impacts	in	the	

heterogeneous	 and	 complex	 nature	 of	 that	 environment	 (Beury	 et	 al.,	 2014;	

Kaczanowska	et	al.,	2013;	T.	T.	Li	et	al.,	2014).	That	said,	the	power	of	what	these	

receptors	 can	 impose	 to	 transform	 tumor-associated	 macrophages	 make	 them	

attractive	 targets,	 and	 worthy	 of	 more	 research,	 for	 better	 immunotherapeutic	

strategies.	

	

In	 this	 work,	 a	 TLR7/8	 agonist,	 resiquimod,	 is	 tested	 as	 a	 therapeutic	 agent	 to	

transform	 tumor-associated	 macrophages	 into	 M1-like	 polarization	 state	 by	 the	

activation	of	MyD88-dependent	signaling	pathway.	This	agonist	is	an	FDA-approved	

therapeutic	molecule,	with	 its	efNiciency	shown	for	genital	herpes,	hepatitis	C	and	

actinic	 keratosis,	 skin	 cancer	 and	 cutaneous	 T	 cell	 lymphoma	 (Farr	 et	 al.,	 2021;	

Killock,	2015;	Meyer	et	al.,	2013;	Rook	et	al.,	2015),	when	applied	topically	on	the	

lesions.	 It	 induces	 powerful	 activation	 on	 various	 disease-related	 immune	

components.	Some	patients	even	experience	a	systemic	immune	response	through	

resiquimod-mediated	 activation	 of	 circulating	 dendritic	 cells	 through	 topical	

administration,	 which	 makes	 resiquimod	 the	 Nirst	 topical	 medication	 that	 also	

regresses	untreated	skin	lesions	(Killock,	2015).	Such	strong	impact	this	molecule	

can	have	poses	problems	for	its	further	use,	such	as	in	non-topical	administration,	

where	systemic	inNlammation	is	unescapable.		
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In	order	to	address	this	issue,	we	have	utilized	liposomal	constructs	to	encapsulate	

resiquimod	 molecules.	 Liposomes	 are	 bilayer	 lipid	 membranes	 encapsulating	 an	

aqueous	core	in	a	spherical	shape.	Their	high	biocompatibility	and	biodegradability,	

low	toxicity	and	immunogenicity,	along	with	the	plasticity	in	formulations	(such	as	

lipid	 compositions	 and	 surface	 modiNications)	 make	 these	 vehicles	 great	

pharmaceutical	agents	(Abbasi	et	al.,	2022;	Deshpande	et	al.,	2013;	Liu	et	al.,	2022).	

Especially	 for	 targeting	 solid	 tumors,	 owing	 to	 the	 pathophysiology	 of	 abnormal	

angiogenesis	 and	 consequent	 enhanced	 permeability	 and	 retention	 effect	 (Wu,	

2021),	liposomes	make	great	choices	for	therapeutic	carriers	with	a	good	retention	

rate	 on	 tumor	 site.	 This	 entails	 an	 impactful	 re-education	 of	 tumor-associated	

macrophages	by	resiquimod	without	invoking	a	serious	systemic	immune	response,	

as	resiquimod-encapsulated	liposomes	potentially	aggregate	in	the	tumor	site,	being	

prone	 to	 get	 phagocytosed	 by	 the	 tumor-associated	macrophages.	 Besides	 those	

advantages;	having	the	target	receptors	localized	in	the	endosomal	membrane	of	the	

macrophages,	 when	 the	 agonist	 is	 provided	 to	 the	 cells	 in	 liposomes	 with	 200-

1000nm	diameter	(which	is	an	appropriate	size	range	for	selective	phagocytosis	by	

highly	 phagocytic	 cells),	 they	 would	 theoretically	 bind	 to	 their	 receptors	 in	 the	

phagolysosomes	more	effectively	than	in	their	free	form.	

	

An	abstract	scheme	for	the	whole	study	is	presented	in	Figure	1.	Overall,	we	show	

that	 re-education	 of	 tumor-associated	 macrophages	 through	 resiquimod-

encapsulating	 liposomes	can	reverse	 their	 tumor-accommodating	 impact	 to	 some	

level.	 Limitations	 include	 the	 variation	 of	 assays	 done	 to	 assess	 each	 malignant	

function,	 i.e.	 metastatic	 capabilities,	 proliferation	 rate,	 viability	 characteristics	

(identiNication	of	apoptosis,	necrosis,	metabolic	stress,	other	ways	of	losing	viability),	

stemness;	as	well	as	a	starved	characterization	of	tumor-associated	macrophages	in	

terms	of	surface	receptor	expressions	and	activated	signaling	pathways.	In	need	of	a	

great	mass	of	further	research,	this	work	still	points	to	a	non-negligible	potential	in	
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targeting	 tumor-associated	 polarization	 states	 of	macrophages	 around	 the	 tumor	

microenvironment	of	colorectal	adenocarcinoma.	

	

	
	

Figure	1.	An	overview	of	the	study.	THP-1	human	monocytes	from	peripheral	blood	

(acute	monocytic	leukemia)	are	turned	into	tumor-associated	macrophages	(TAM),	

and	are	 re-educated	with	 resiquimod	 (R848)-encapsulating	 liposomes	 to	 activate	

MyD88-dependent	 signaling	 pathway.	 The	 impact	 of	 re-education	 is	 shown	 by	

treating	HT-29	human	epithelial	colon	cells	(colorectal	adenocarcinoma)	with	TAM	

and	re-educated	TAM-conditioned	media,	and	analyzing	tumorigenic,	metastatic	and	

viability	proNiles	of	cancer	cells.	Scheme	is	designed	in	©	BioRender.	
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Chapter	2	
	

Methodology	
	

2.1			Experimental	Strategy	

	

The	 study	was	divided	 into	 three	main	 steps:	 production	 and	 characterization	 of	

resiquimod-encapsulating	 liposomes,	 transformation	 and	 characterization	 of	

tumor-associated	macrophages,	re-education	of	tumor-associated	macrophages	by	

resiquimod-encapsulating	liposomes	with	characterization	of	the	impact	of	the	re-

education	 on	 malignant	 capabilities	 of	 colorectal	 cancer	 cells,	 i.e.,	 proliferation,	

viability,	migration,	and	stemness.	

	

Figure	 2	 summarizes	 the	workNlow	 for	 producing	 such	 resiquimod-encapsulating	

size-homogenous	 liposomes.	 BrieNly,	 a	 lipid	 thin	 Nilm	 made	 of	 two	 types	 of	

phospholipids	was	hydrated	with	ammonium	sulfate,	for	subsequent	transportation	

of	the	hydrophobic	drug	through	remote	loading	(a	chemical	description	of	remote	

loading	is	drawn	in	Figure	3).	Followed	by	sets	of	characterizations,	which	involves	

selective	phagocytosis	assay	and	physicochemical	characterization	of	the	liposomes;	

the	liposomes	were	ready	for	treatment	on	cells.		

	

	

	

	



	 10	

	
	

Figure	 2.	 Figure	 2.	 WorkNlow	 of	 production	 of	 liposomes,	 and	 sets	 of	

characterizations	 done	 at	 different	 steps.	 BrieNly,	 lipid	 thin	 Nilm	 hydration	

methodology	was	utilized,	where	hydration	is	done	by	ammonium	sulfate	solution	

to	 induce	 remote	 loading.	 To	 show	 for	 selective	 phagocytosis	 by	 macrophages,	

liposomes	are	labeled	by	lyophilic	dye	Nile	Red.	Scheme	is	designed	in	©	BioRender.	
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Figure	 3.	 Encapsulation	 of	 resiquimod	 by	 liposomes.	 Liposomes	with	 ammonium	

sulfate	 on	 the	 internal	 and	 saline	 on	 the	 external	 are	 incubated	with	 protonated	

resiquimod	(R848)	molecules.	Through	an	exchange	of	molecules	across	lipid	bilayer	

membrane,	a	process	called	remote	loading,	resiquimod	translocates	to	internal	of	

the	liposomes.	Scheme	is	designed	in	©	BioRender.	

	

In	the	study,	we	included	two	cell	lines:	THP-1	human	monocytes	from	peripheral	

blood	 (acute	 monocytic	 leukemia)	 and	 HT-29	 human	 epithelial	 colon	 cells	

(colorectal	adenocarcinoma).	The	rationale	behind	choosing	these	cell	lines	comes	

from	a	study	[101]	in	which	serial	sections	from	81	colorectal	carcinoma	patients	

have	been	examined	to	show	clinical	signiNicance	of	tumor-associated	macrophages	

in	the	disease,	where	it	was	found	that	the	tumor	invasive	front	contained	most	of	

the	tumor-associated	macrophages	population	and	drove	metastasis	of	the	tumor.	

They	were	able	to	replicate	similar	marker	expression	levels	by	transforming	THP-

1	macrophages	 into	 tumor-associated	macrophages	by	HT-29-conditioned	media.	

Hence,	we	have	Nirst	turned	THP-1	monocytes	into	macrophages	via	incubation	with	

Phorbol	 12-myristate	 13-acetate	 (PMA);	 and	 then	were	 transformed	 into	 tumor-

associated	macrophages	via	 incubation	with	HT-29-conditioned	media	(Figure	4).	
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We	have	characterized	this	transformation	by	assessing	the	expressions	of	surface	

receptors	CD86	(indicative	of	an	M1-like,	pro-inNlammatory	polarization)	and	CD163	

(indicative	of	an	M2-like,	anti-inNlammatory	polarization)	 through	 Nlow	cytometry	

and	 immunocytochemistry	 techniques,	 as	well	 as	 fundamental	bright-Nield	 and	F-

actin-DAPI	 staining	 observations	 to	 analyze	 the	 transformed	 morphology.	 Both	

these	 markers	 were	 shown	 in	 the	 same	 study	 as	 the	 biomarkers	 of	 which	 the	

expressions	have	changed	the	most	signiNicantly	(Wei	et	al.,	2019).	

	

	

	
Figure	4.	Transformation	of	THP-1	monocytes	into	THP-1	macrophages,	followed	by	

polarization	 to	 tumor-associated	 macrophage	 state	 by	 HT-29-conditioned	 media	

treatment.	Methods	for	characterization	of	polarization	state	are	also	listed.	Scheme	

is	designed	in	©	BioRender.	

 
We	 have	 then	 treated	 tumor-associated	 THP-1	 macrophages	 with	 R848-

encapsulating	liposomes,	and	discovered	what	impact	they	imposed	on	HT-29	cells	

differently	 than	 tumor-associated	 polarization	 could	 impose,	 to	 assess	 the	 re-
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education	efNiciency	(Figure	5).	Even	though	such	strategy	doesn’t	necessarily	reveal	

the	 change	 in	 immunogenic	 proNile,	 because	 the	 pro-tumorigenic	 and	 metastatic	

roles	of	 tumor-associated	macrophages	are	well-known,	we	assume	 that	 showing	

how	different	of	an	impact	these	macrophages	can	exert	on	cancer	cells	through	re-

education	would	be	indicative	of	the	re-education	success.	For	such	qualiNication,	we	

have	analyzed	the	changes	in	stemness	of	HT-29	cells	by	CD133	immunocytostaining	

(a	well-described	cancer	stem	cell	marker).	Because	tumor-associated	macrophages	

can	communicate	with	cancer	stem	cells	and	enhance	stemness	and	proliferation,	

and	drug	resistance	and	cancer	stem	cell	ratio	are	positively	associated	in	the	clinic,	

we	have	hypothesized	that	re-education	of	tumor	macrophages	would	decrease	the	

stemness	 and	 drug	 resistance.	 We	 have	 furthermore	 tested	 the	 impact	 on	

proliferation	abilities	of	cells,	in	a	coverage	assay	in	two-dimensional,	and	a	spheroid	

growth	assay	in	three-dimensional	culture	of	HT-29;	and	on	viability	of	cells	by	Nlow	

cytometry	analysis.	Finally,	a	wound-healing	assay	is	performed	in	order	to	assess	

the	 metastatic	 capabilities	 of	 the	 cancer	 cells.	 Thus,	 we	 aimed	 to	 draw	 a	

comprehensive	 picture	 of	 the	 general	 impact	 of	 such	 re-education,	which	 have	 a	

good	 potential	 to	 make	 it	 to	 clinical	 trials,	 on	 one	 epithelial	 cell	 line	 of	 human	

colorectal	adenocarcinoma.		
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Figure	5.	Tumor-associated	(TAM)	and	re-educated	tumor-associated	macrophage-

conditioned	media	treatments	on	HT-29	cells,	and	consequent	characterizations	of	

malignant	capabilities	of	cancer	cells.	Scheme	is	designed	in	©	BioRender.	

	

2.2 		Equipment	and	Consumables	

	
In	tables	below,	equipment	(Table	1)	and	consumables	(Table	2)	utilized	in	the	study	

are	listed.	The	Nluorescence	microscope	Nilters	utilized	are	as	depicted	In	Table	3.		
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Table	1.	The	list	of	equipment	utilized	in	the	study.	

Equipment	 Brand	

Fluorescence	Microscope	 Carl	Zeiss	Axio	Observer	7		

Dynamic	Light	Scattering	-	Zeta	Potential	

analyzer	
Malvern	Nanoseries-ZS	

Environmental	Scanning	Electron	Microscopy	

(E-SEM)	
	FEI	Quanta	200F		

Vacuum	Coater	for	E-SEM	 	

Quadrupole	Time-of-Flight	Mass	Spectroscopy	 Agilent	1290	LC		

Flow	cytometer	 BD	Accuri	

Cell	scraper	 Corning	Incorporated	

Biosafety	cabinet	 NUVE	MN120	

Cell	culture	incubator	in	37°C	with	5%	CO2	 NUVE	EC160	

Water	bath	 NUVE	NB9	

Centrifuge	 NUVE	NF800	

Vortex	 IKA	VORTEX	2	

Cell	counter	 Thoma	610731	

Ultrasonicator		
Bandelin	Electronic	Typ:	

UW2070	

Hot	plate	with	magnetic	stirrer	 IKA	C-MAG	HS7	

Weighing	Balance	 OHAUS		

Micropipettes	 BOECO	

Rotary	evaporator	 Buchi	Rotavapor	R-100	

Fume	hood	 Köttermann	Systemlabor	
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Table	2.	The	list	of	consumables	utilized	in	the	study.	

Product	 Brand	 Cat.	No.	

15	mL	falcon	tube	 ABDOS	 P10442	

50	mL	falcon	tube	 ABDOS	 P10404	

0.5	mL	reaction	tubes	 Ultra	Cruz	 sc-200269	

1.5	mL	reaction	tube	 Ultra	Cruz	 sc-200271	

Cryo-vial		 ABDOS	 P60108	

5	mL	serological	pipette	 ABDOS	 P10603	

10	mL	serological	pipette	 ABDOS	 P10604	

50	mL	serological	pipette	 CAPP	 SP-50	

Pipette	tips	 JET	BIOFIL		 PPT-000-000	

6-well	plate	 SPL	 30006	

24-well	plate	 ISOLAB	 12211006	

96-well	plate	 ISOLAB	 12211006	

3cm	culture	petri	dish	 CORNING	 3294	

6cm	culture	petri	dish	 NEST	 705001	

10cm	culture	petri	dish	 NEST	 704001	

PVDF	membrane	filter	(0.45um)		 Labfil	 C0000284	

PTFE	membrane	filter	(0.22um)	 Labfil	 C0000488	

Microcuvettes	 Biosigma	 BSA002	

Syringe	(5mL)	 Luer	 B1903105	
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Table	3.	The	list	of	Nilters	with	peak	emission	values	utilized	for	Nluorescence	

observations.	

Analysis	 Filter	(Peak	Emission)	

DAPI	 465nm	

F-actin	 517nm	

Nile	Red	 618nm	

ABflo	647-conjugated	Goat	Anti-Rabbit	IgG	(H+L)	 618nm	

ABflo	555-conjugated	Goat	Anti-Mouse	IgG	(H+L)	 568nm	

	

2.3			Cell	Culture	Experiments	

	

2.3.1	Cell	lines,	Reagents,	Solutions	

	

In	 tables	below,	 cell	 lines	 (Table	4),	 reagents	used	 in	maintenance	of	 cell	 culture	

(Table	5),	antibodies	(Table	6)	and	other	reagents	and	chemicals	(Table	7)	utilized	

in	cell	culture	experiments,	as	well	as	media	and	buffer	speciNications	(Table	8)	are	

listed.	

	

Table	4.	Cell	lines	used	in	the	study.	

Cell	line	 Organism	 Morphology	 Tissue	 Disease	

THP-1	 Human	 Monocyte	
Peripheral	

blood	

Acute	monocytic	

leukemia	

HT-29	 Human	 Epithelial	 Colon	
Colorectal	

adenocarcinoma	
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Table	5.	The	list	of	reagents	used	in	maintenance	of	cell	culture.	

Product	 Brand	 Cat.	No.	

RPMI	1640	Culture	Medium	 SEROX	 SLR-563-500	

Fetal	Bovine	Serum	 SERANA		 46010323FBSP	

Penicillin/Streptomycin	 SERANA	 01070121RAL	

PBS	 SERANA	 01050621BDL	

Trypsin-EDTA	 SERANA	 01112020RTL	

Molecular	biology-grade	DMSO	 SERVA	 221147	

	

Table	6.	The	list	of	antibodies	used	in	Nlow	cytometry	and	immunocytochemistry	

experiments.	

Antibody	 Brand	 Cat.	No.	

Anti-Rabbit	CD163/M130	antibody		 Abclonal	 A8383	

Anti-Mouse	CD86/1146	antibody	 Biorbyt	 orb12124	

Anti-Rabbit	CD133	antibody	 Abclonal	 A0219	

ABflo	647-conjugated	Goat	Anti-Rabbit	IgG	(H+L)	 Abclonal	 AS060	

ABflo	555-conjugated	Goat	Anti-Mouse	IgG	(H+L)	 Abclonal	 AS057	

	

Table	7.	The	list	of	other	reagents	and	chemicals	used	in	cell	culture	experiments.	

Product		 Brand	 Cat.	No.	

Phorbol	12-myristate	13-acetate	(PMA)	 MedChem	 HY-18739	

Bovine	Serum	Albumin	(BSA)	 PAN	BIOTECH	 P06-139310	

Triton	X-100	 ABCR	 1191772	

Phosphate	Buffered	Saline	(PBS)	 SERANA	 01050621BDL	

Molecular	biology-grade	water	 BioFroxx	 1058LT001	

Tryphan	blue	 SIGMA	 RNBJ7454	

Calcein-AM	 Invitrogen		 2256755	
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Propidium	Iodide	(PI)	 Merck	 P4170	

DAPI	 Sigma	 MBD0015	

F-actin	
Thermo	Fisher	

Scientific	
2277811	

Ethanol		 Sigma-Aldrich	 32221	

	

Table	8.	Media	and	buffer	speciNications	for	cell	culture.	

Solution	 Content	 Storage	temperature	

Media	for	HT-29	and	THP-1	

macrophage	culture	

89%	RPMI	1640	

10%	FBS	

1%	Penicillin-

Streptomycin	

+4°C	

Media	for	THP-1	monocyte	

culture	

80%	RPMI	1640	

20%	FBS	
+4°C	

Freezing	media	
90%	FBS	

10%	DMSO	
-20°C	

Fixing	buffer	
96%	PBS	

4%	Paraformaldehyde	
+4°C	

Permeabilization	buffer	
98.8%	PBS	

0.2%	TritonX-100	
Freshly	prepared	

Blocking	buffer	
97%	PBS	

3%	BSA	
+4°C	

Flow	cytometry	buffer	
99%	PBS	

1%	BSA	
+4°C	
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2.3.2 Protocols	of	Cell	Culture	Experiments	

	

All	cell	culture	experiments	were	conducted	in	the	biosafety	cabinet,	and	the	cells	

were	kept	in	incubation	in	the	cell	culture	incubator	at	37°C	with	5%	CO2.		

	

2.3.2.1	THP-1	Monocyte	Suspension	Culture	

	

THP-1	monocytes	were	kept	in	nitrogen	tank	with	5	million	cells/mL	concentration	

in	freezing	media,	and	were	thawed	by	four-fold	dilution	in	cold	RPMI,	followed	by	

pellet	 dissolution	 in	warm	 culture	media	 to	 start	 suspension	 culture.	 They	were	

maintained	 in	 suspension	 culture,	 with	 a	 conNluency	 range	 between	 1,000,000	 -	

2,000,000	 cells/mL.	 During	 freezing	 procedures,	 cell	 pellet	 was	 obtained	 by	

centrifugation	for	5	minutes	at	175	RCF,	and	cells	were	suspended	with	the	given	

concentration	in	freezing	media,	and	were	placed	in	nitrogen	tank.	

	

2.3.2.2	Transformation	of	THP-1	Monocytes	to	THP-1	Macrophages	

	

THP-1	monocytes	were	seeded	on	culture	plates	with	a	density	of	100,000	cells	per	

cm2	 surface,	with	100	ng/mL	PMA	in	their	culture	medium.	After	24	hours,	PMA-

containing	media	 incubation	 was	 terminated,	 and	 cells	 were	 either	 incubated	 in	

culture	media,	or	were	transformed	into	tumor-associated	macrophages.	

	

2.3.2.3	Transformation	of	THP-1	Macrophages	into	Tumor-Associated-Macrophages	
	

After	transformation	into	macrophages,	PMA-containing	media	was	replaced	by	HT-

29-conditioned	media,	which	was	the	media	that	HT-29	cells	were	incubated	with	

during	days	between	50-80%	conNluence.	Before	use,	HT-29-conditioned	media	was	

Niltered	through	0.44	µm	PVDF	membrane.	
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2.3.2.4	Surface	Culture	of	HT-29	Cells	

	

HT-29	 cells	were	 kept	 in	 nitrogen	 tank	with	 5	million	 cells/mL	 concentration	 in	

freezing	media,	 and	were	 thawed	by	 four-fold	dilution	 in	 cold	RPMI,	 followed	by	

pellet	dissolution	in	warm	culture	media	to	start	culture.	They	were	maintained	in	

culture	 starting	 from	around	35000	cells/cm2,	 and	was	passaged	before	 reaching	

around	85%	conNluency,	which	took	around	5-6	days.	Passaging	was	performed	by	

washing	of	cells	with	warm	PBS	for	two	times,	followed	by	a	coverage	with	trypsin-

EDTA	solution	and	incubation	at	37°C	for	4	minutes.	Then	trypsin	was	inactivated	

by	addition	of	same	volume	of	culture	media	(with	10%	FBS),	and	was	centrifuged	

for	5	minutes	at	175	RCF.	The	resultant	pellet	was	then	counted	and	either	passaged	

or	suspended	in	freezing	media	and	kept	in	nitrogen	tank.	

	

2.3.2.5	Conditioned	Media	Incubations	of	HT-29	Cells	

	

For	surface	culture	of	HT-29	cells,	upon	reaching	a	conNluency	of	40%,	culture	media	

was	 replaced	 by	 either	 tumor-associated	 or	 re-educated-tumor-associated	

macrophage-conditioned	media.	This	media	was	obtained	by	24	hours	incubation	of	

media	on	macrophages,	which	was	then	Niltered	through	0.44	µm	PVDF	membrane.	

HT-29	cells	were	incubated	in	the	conditioned	media	for	48	hours,	before	analysis.		

	

2.3.2.6	Spheroid	Culture	of	HT-29	Cells	

	

In	order	to	form	spheroids,	a	customized	mold	was	utilized	to	yield	24	micron-sized	

agarose	 wells	 in	 a	 96-well	 plate	 well,	 as	 described	 in	 a	 protocol	 in	 literature	

(Krishnan	et	al.,	2021).	The	wells	had	a	shape	of	truncated	square	pyramid,	where	

one	 corner	 of	 the	 square	well	was	 500µm,	 the	 height	 of	 the	microwell	was	 200-

300µm,	and	one	corner	of	the	truncated	base	square	was	300µm.	8,000	HT-29	cells	

in	200µL	culture	media	were	seeded	on	each	well,	and	the	plate	was	centrifuged	for	
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5	minutes	at	200	RCF.	Media	was	changed	every	two	days	by	slowly	pipetting	out	

100µL	 from	consumed	media,	and	slowly	pipetting	 in	100µL	 fresh	culture	media.	

Four	 days	 later,	 cells	 were	 observed	 to	 form	 tight	 cellular	 interactions	 having	

transformed	 from	 aggregates	 into	 intact	 spheroids.	 From	 then	 on,	 media	 was	

changed	 the	 same	way	 every	 day	 with	 either	macrophage-conditioned	media	 or	

fresh	 culture	media,	 for	 Nive	 consecutive	 days.	 Ten	 selected	 spheroids	 from	 four	

same-treatment	wells	were	analyzed	by	the	area	they	cover	on	microscope	software,	

making	forty	spheroids	per	treatment,	to	reveal	growth	proNiles.	

	

2.3.2.7	F-Actin	and	DAPI	Staining	

	

All	steps	were	followed	at	room	temperature.	For	F-actin-DAPI	staining,	2.5%	F-actin	

was	prepared	in	PBS,	and	10µg/mL	DAPI	was	prepared	in	PBS	as	working	solutions.	

Culture	media	was	aspirated,	and	the	cells	were	washed	twice	with	PBS,	before	being	

Nixed	 in	 Nixing	 buffer	 for	 20	 minutes	 in	 fume	 hood.	 Then	 the	 Nixing	 buffer	 was	

aspirated,	 and	 cells	 were	 washed	 for	 5	 minutes	 with	 PBS,	 and	 incubated	 in	

permeabilization	buffer	for	5	minutes.	After	incubation	time,	permeabilization	buffer	

was	removed	and	the	cells	were	washed	again	for	5	minutes	with	PBS.	Then,	cells	

were	 incubated	 in	 F-actin	working	 solution	 for	 30	minutes.	 F-actin	 solution	was	

aspirated,	and	cells	were	washed	for	5	minutes	with	PBS,	before	incubation	in	DAPI	

working	solution	for	10	minutes.	Cells	were	then	aspirated,	washed	for	5	minutes	

with	PBS,	and	analyzed	on	Nluorescence	microscope	with	appropriate	Nilters.	

	

2.3.2.8	Immunocytochemistry	

	

Culture	medium	was	aspirated,	cells	were	washed	with	PBS	twice,	and	were	Nixed	

with	20	minutes	incubation	in	Nixing	buffer	in	room	temperature	in	the	fume	hood.	

They	 were	 aspirated,	 and	 washed	 with	 PBS	 for	 5	 minutes	 three	 times.	

Permeabilization	buffer	was	added	on	cells,	and	they	were	left	in	incubation	for	45	
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minutes	 at	 room	 temperature.	 During	 incubation,	 primary	 antibody	 dilution	was	

freshly	 prepared	 in	 blocking	 buffer.	 Following	 permeabilization	 buffer	 aspiration	

and	washes	 with	 PBS	 for	 5	minutes	 three	 times,	 primary	 antibodies	 in	 blocking	

buffer	 were	 treated	 on	 cells.	 Cells	 were	 then	 incubated	 at	 4°C	 overnight.	 The	

antibody	solution	was	then	aspirated	and	cells	were	washed	with	PBS	for	5	minutes	

three	 times.	During	wash	 steps,	 at	 dark,	 secondary	 antibody	dilution	was	 freshly	

prepared	in	blocking	buffer,	and	were	treated	on	cells	 following	the	washing.	The	

cells	 were	 incubated	 for	 1	 hour	 at	 room	 temperature,	 at	 dark.	 Cells	 were	 then	

aspirated,	and	washed	with	PBS	for	5	minutes	three	times.	For	nuclear	staining,	the	

cells	were	incubated	in	10µg/mL	DAPI	for	10	minutes	at	room	temperature,	at	dark.	

They	were	 aspirated	 and	washed	with	 PBS	 for	 5	minutes,	 and	were	 analyzed	 on	

Nluorescence	 microscope	 with	 appropriate	 Nilters.	 The	 resulting	 images	 were	

analyzed	 for	 the	 Nluorescence	 intensity	 on	 ImageJ,	 by	measuring	 the	 ratio	 of	 the	

intensity	of	selected	cell	to	cell	area,	for	random	cells.		

	

Table	9	includes	antibody	dilutions	used	for	immunocytochemistry	experiments.	

	

Table	9.	Antibody	dilutions	for	immunocytochemistry	experiments.	

Antibody	 Dilution	

Anti-Rabbit	CD163/M130	antibody		 1:100	

Anti-Mouse	CD86/1146	antibody	 1:50	

Anti-Rabbit	CD133	antibody	 1:200	

ABflo	647-conjugated	Goat	Anti-Rabbit	IgG	(H+L)	 1:200	

ABflo	555-conjugated	Goat	Anti-Mouse	IgG	(H+L)	 1:50	
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2.3.2.9	Flow	Cytometry	

	

Cells	were	detached	from	the	surface	using	a	cell	scraper,	and	were	then	centrifuged	

once	for	2	minutes	at	300	RCF,	and	were	suspended	in	1mL	Nlow	cytometry	buffer.	

After	cell	counting,	they	were	aliquoted	with	1	million	cell/mL	concentration,	each	

aliquot	having	1mL	solution,	in	Nlow	cytometry	buffer,	and	were	centrifuged	again	

for	2	minutes	at	300	RCF.	The	pellet	was	resuspended	in	1mL	Nlow	cytometry	buffer	

for	 washing,	 to	 be	 centrifuged	 for	 2	 minutes	 at	 300	 RCF.	 Then,	 pellet	 was	

resuspended	in	1mL	Nlow	cytometry	buffer.	

	

For	viability	analysis,	100ng	of	Calcein-AM	was	added	to	the	1mL	cell	suspension.	

The	cells	were	then	incubated	at	4°C	for	15	minutes.	After	the	incubation	time,	2µg	

propidium	 iodide	 was	 added	 to	 the	 suspension,	 and	 was	 incubated	 at	 room	

temperature	for	15	minutes.	The	cells	were	then	analyzed	on	Nlow	cytometry	device.	

	

For	 analysis	with	antibody	 labeling,	primary	antibody	was	added	 to	 the	1mL	cell	

suspension.	The	cells	were	then	incubated	at	4°C	for	30	minutes.	After	the	incubation	

time,	they	were	centrifuged	for	2	minutes	at	300	RCF,	and	were	resuspended	in	1mL	

Nlow	cytometry	buffer,	and	this	washing	step	was	done	three	times	in	total.	After	Ninal	

wash,	the	suspended	pellet	was	incubated	with	the	secondary	antibody	at	4°C	for	30	

minutes.	 Then	 the	 cells	 were	 centrifuged	 for	 2	 minutes	 at	 300	 RCF,	 and	 were	

resuspended	 in	 1mL	 Nlow	 cytometry	 buffer.	 They	 were	 then	 analyzed	 on	 Nlow	

cytometry	device.	

	

In	Table	10,	antibody	dilutions	utilized	for	Nlow	cytometry	experiments	are	listed.	
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Table	10.	Antibody	dilutions	for	Nlow	cytometry	experiments.	

Antibody	 Dilution	

Anti-Rabbit	CD163/M130	antibody		 1:200	(5uL	per	1,000,000	

cells)	

Anti-Mouse	CD86/1146	antibody	 1:100	(10uL	per	

1,000,000	cells)	

ABflo	647-conjugated	Goat	Anti-Rabbit	IgG	(H+L)	 1:500	

ABflo	555-conjugated	Goat	Anti-Mouse	IgG	(H+L)	 1:200	

	

2.3.2.10	Wound-Healing	Assay	

	

HT-29	cells	were	cultured	until	around	90%	conNluency	on	a	24-well	plate,	and	then	

were	 either	 treated	 with	 tumor-associated	 or	 re-educated	 tumor-associated	

macrophage-conditioned	media,	or	were	 changed	 their	 regular	 culture	media,	 for	

two	more	days	to	reach	100%.	At	the	point	of	conNluency,	the	cells	monolayers	were	

carefully	scratched	with	the	edge	of	micropipette	tip	in	a	shape	of	cross,	and	were	

vigorously	washed	with	PBS	to	remove	dead	cells	for	three	times.	After	washing,	cells	

were	added	with	RPMI	1640	with	1%	FBS	and	1%	penicillin-streptomycin	solution.	

The	wells	of	the	plate	were	pictured	with	respect	to	the	position	of	the	cross,	and	the	

straight	 scratches	with	 similar	 sizes	were	 selected.	Wells	were	 changed	with	 the	

same	media	followed	by	and	bright-Nield	analysis	of	scratches	from	the	same	location	

using	the	cross	as	a	reference,	for	consecutive	four	days.	The	culture	was	terminated,	

and	the	bright-Nield	images	were	cleaned	from	the	cellular	debris	at	the	scratched	

areas,	and	the	non-covered	area	was	measured	in	ImageJ	to	be	divided	by	the	total	

area	 of	 the	 taken	 image	 and	 multiplied	 by	 100.	 Such	 that,	 non-covered	 area	

percentage	was	calculated	for	each	condition.	
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2.3.2.11	Coverage	Assay		

	

HT-29	 cells	 were	 cultured	 until	 around	 40%	 conNluency,	 and	 then	 were	 either	

treated	 with	 tumor-associated	 or	 re-educated	 tumor-associated	 macrophage-

conditioned	media,	 or	were	 changed	 their	 regular	 culture	media,	 for	 three	more	

days.		Each	day	of	a	total	of	four	days,	the	cells	were	imaged	on	bright-Nield	with	2.5X	

magniNication.	The	images	were	analyzed	on	ImageJ,	and	area	covered	by	cells	was	

divided	 by	 the	 total	 image	 area,	 and	 multiplied	 by	 100,	 to	 Nind	 area	 coverage	

percentage.	

	

2.4			Liposome	Studies	

	

2.4.1	Chemicals,	Reagents,	Buffers	

	

Chemicals,	reagents	and	buffers	used	in	liposome	studies	are	listed	in	Table	11.	

	

Table	11.	The	list	of	chemicals,	reagents	and	buffers	in	liposome	studies.	

Product		 Brand	 Cat.	No.	

Resiquimod	 MedChem	 HY-13740	

Phosphate	Buffered	Saline	(PBS)	 SERANA	 01050621BDL	

Molecular	biology-grade	water	 BioFroxx	 1058LT001	

Nile	red	 Sigma	 7385-67-3	

Sunflower	Phosphatidylcholine	with	

90%	Phosphotidylcholine	
	

Lipoid	 533600-1160002-

07/902	

Sn-Glycero-3-Phosphocholine	(98%)	
	

Lipoid	 511980-1180002/904	

Ethanol		 Sigma-Aldrich	 32221	

Methanol	 Sigma-Aldrich	 34885	
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Chloroform	 Merck	 S5617420	334	

Glutaraldehyde	 Sigma-Aldrich	 S8052503	052	

Ammonium	sulfate	 Merck	 7783-20-2	

Paraformaldehyde		 CARLO	ERBA	 387507	

Hydrochloric	acid		 Merck	 K41078514	018	

	

2.4.2	Protocols	of	Liposome	Experiments	

	

2.4.2.1	Liposome	Production	

	

Lipids	were	mixed	1:1	in	mass	in	methanol	and	chloroform,	and	were	processed	in	

the	rotary	evaporator	until	fully	evaporated	to	form	a	lipid	thin	Nilm	on	glass	Nlask	

surface.	The	resultant	Nilm	was	rehydrated	with	300nM	ammonium	sulfate	buffer	

and	mixed	vigorously	on	vortex.	For	size	homogenization	of	liposomes,	they	were	

subjected	to	ultrasonication	with	30%	power	for	1	minute,	three	cycles	with	10	

minutes	resting	time	in-between.	After	production,	in	order	to	secure	a	saline	

environment	outside	the	liposomes,	they	were	then	dialyzed	against	PBS	for	2	

hours	using	a	1kDa	dialysis	membrane.	

	

2.4.2.2	Size	Characterization	of	Liposomes	by	Dynamic	Light	Scattering	

	

Measurement	was	conducted	using	disposable	microcuvettes	which	were	cleaned	

with	distilled	water	and	air-dried	before	use.	All	the	measurements	were	performed	

in	 triplicates	 at	 deNined	 parameters,	 by	 adding	 viscosity	 and	 refractive	 index	

information	at	 room	 temperature.	To	obtain	 the	average	hydrodynamic	diameter	

and	polydispersity	 index	 (indicates	width	of	 size	dispersion),	 cumulative	analysis	

algorithm	was	applied.	
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2.4.2.3	Morphological	Characterization	of	Liposomes	by	Scanning	Electron	

Microscope	

	

The	liposome	sample	was	spread	on	a	clean	and	dry	cell	culture	plate	surface	and	

air-dried	 overnight	 in	 the	 fume	 hood.	 Then	 it	 was	 incubated	 at	 4°C	 overnight,	

immersed	in	4%	glutaraldehyde	in	PBS.	After	it	was	air-dried	in	the	fume	hood	for	a	

few	hours,	it	was	mounted	on	a	stub	with	a	carbon-conductive	adhesive	tape,	and	

sputtered	in	a	vacuum	with	10nm	thickness	gold	and	palladium.	It	was	analyzed	on	

SEM	with	a	Nield	emission	gun	(FEG-SEM)	operated	in	a	high	vacuum	environmental	

mode,	at	30.0	kV	accelerating	voltage.		

	

2.4.2.4	Resiquimod	Encapsulation	by	Liposomes	

	

A	 total	of	628	µM	stock	of	 resiquimod	 in	DMSO	was	dissolved	 in	1mL	of	distilled	

water	with	 hydrochloric	 acid	 (pH2.5),	 to	 protonate	 the	 drug,	 for	 1	 hour	 at	 room	

temperature.	After	protonation,	the	solution	was	introduced	to	3	mL	of	liposomes,	

which	were	size-homogenized	and	dialyzed	against	PBS.	The	resulting	solution	was	

mildly	mixed	for	1	hour	at	45°C,	and	were	then	dialyzed	against	PBS	for	2	hours	using	

a	 1kDa	 dialysis	membrane	 to	 eliminate	 non-encapsulated	 resiquimod	molecules.	

After	dialysis,	resiquimod-encapsulated	liposomes	were	ready	for	characterization	

or	treatment,	and	were	kept	at	4°C	for	a	maximum	time	of	1	week.	Liposomes	were	

Niltered	through	PFTE	membrane	(0.22µm)	before	cell	treatment.	

	

2.4.2.5	QuantiNication	of	Liposome-Encapsulated	Resiquimod	by	Quadrupole	Time-

of-Flight	Mass	Spectroscopy	(qTOF-MS)	

	

The	spectroscope	equipped	with	a	binary	pump,	an	online	degasser,	an	autosampler	

and	 a	 thermostated	 column	 compartment	 coupled	with	 a	 6540	Q-TOF-MS	with	 a	

Dual	ESI	source	(Agilent	Technologies,	Santa	Clara,	CA,	USA)	was	utilized.	ESI	source	
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was	operated	in	positive	and	negative	ion	modes,	where	the	fragmentor	voltage	was	

120V,	nebulizer	gas	was	35psig,	capillary	voltage	was	3500V,	drying	gas	Nlow	rate		

was	10dm3/min,	and	drying	gas	temperature	was	300°C.	The	mobile	phase	(0.01%	

formic	 acid	 in	 water)	 Nlow	 rate	 was	 0.5	 cm3/min	 and	 the	 injection	 volume	 was	

10mm3.	 Collision	 energy	 ramp	 with	 a	 range	 of	 15-40eV	 was	 use	 to	 promote	

fragmentation	for	MS/MS	measurements.	Data	was	acquired	using	High	Resolution	

mode	 with	 4GHz,	 and	 the	 mass	 range	 was	 set	 at	 50-1000m/z.	 MassHunter	

Workstation	Qualitative	Analysis	B.03.01	Software	was	used	to	process	the	data.	

	

2.4.2.6	Liposome	Phagocytosis	Assay	

	

3mM	 Nile	 Red	 was	 prepared	 in	 1:10	 DMSO:ethanol	 mixture	 as	 a	 stock	 solution.	

Liposomes	were	incubated	overnight	with	Nile	Red	working	concentration	of	3µM	

at	 RT.	 The	 solution	 was	 dialyzed	 against	 1kDa	 dialysis	 membrane	 to	 remove	

unbound	 dye	 molecules.	 TAM-transformed	 THP-1	 macrophages	 and	 HT-29	 cells	

were	 treated	with	Nile	Red-stained	 liposome	working	concentration	of	3µM	for	1	

day.	The	cells	were	washed	with	PBS	to	be	observed	on	the	Nluorescence	microscope,	

after	staining	with	F-actin	and	DAPI.	
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Chapter	3	
	

Results	
	

3.1			Resiquimod-Loaded	Liposome	Characterization	

	

In	the	study,	liposomes	were	produced	by	lipid	thin	Nilm	hydration	method,	and	were	

subjected	 to	 ultrasonication	 for	 size	 homogenization,	 before	 drug	 loading	 and	

phagocytosis	assays	 (see	Figure	6).	Upon	hydration	of	 the	 lipid	 thin	 Nilm,	 the	size	

distribution	on	DLS	revealed	a	highly	heterogeneous	proNile	with	a	polydispersity	

index	of	1.00	as	expected.	Because	sizes	smaller	than	100nm	are	much	more	prone	

to	phagocytosis	by	non-phagocytic	cells,	we	opted	for	a	size	range	of	150-1000nm	

with	lower	than	0.30	polydispersity	index.	When	these	liposomes	were	treated	with	

the	optimized	parameters	of	ultrasonication,	average	size	was	Nixed	at	around	170-

200nm,	with	a	polydispersity	index	reduced	to	0.23.		

	

	
Figure	 6.	 Size	 distribution	 of	 non-size-homogenized	 (i)	 and	 ultasonication-based	

size-homogenized	liposomes	(ii)	by	DLS	analysis.	Size	homogenization	seems	to	shift	

most	liposomes	to	the	emphasized	peak	(in	i).		
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SEM	 analysis	 of	 the	 liposomes	 proved	 such	 size	 homogenization	 as	well,	 besides	

morphologically	revealing	their	enclosed,	circular	structure	(Figure	7).	

	

	
Figure	7.	SEM	 images	of	 the	size-homogenized	 liposomes.	DLS	results	 seem	to	be	

validated	in	microscopic	observation	as	well,	besides	showing	a	targeted	spherical	

morphology.	

	

Even	though	they	were	only	treated	to	THP-1	cells	in	this	study,	one	motivation	of	

liposomal	 encapsulation	 of	 the	 drug	 was	 targeting	 the	 phagocytic	 abilities	 of	

macrophages	in	a	later	in	vivo	application.	Therefore,	before	drug	encapsulation,	the	

produced	 liposomes	were	 tested	 for	 the	selectiveness	of	 their	phagocytosis.	After	

liposome	labeling	with	the	lipophilic	dye	Nile	Red	(Figure	8),	THP-1	and	HT-29	cells	

were	 treated	 with	 the	 labeled	 liposomes,	 and	 were	 analyzed	 by	 tracking	 the	

localization	of	the	dye	with	respect	to	F-actin	and	nucleus	(Figure	9).	Compared	with	

the	 negative	 control	where	 the	 dye	was	 provided	 to	 the	 cells	 directly,	 liposome-

bound	Nile	Red	was	detected	closer	to	the	nuclei	and	co-localized	with	F-actin	for	

THP-1	cells,	suggesting	internalization	of	the	liposomes	by	these	cells.	In	HT-29	cells,	

as	expected,	no	such	difference	was	observed.		
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Figure	8.	Fluorescence	and	bright	observation	of	dye	and	liposomes	alone,	as	well	as	

dye-incubated	and	dialyzed	liposomes,	to	show	for	labeling	of	liposomes.	Scale	bars:	

200μm	for	dye	and	liposome	samples,	50μm	for	dyed	and	dialyzed	liposomes.		

	

	
Figure	 9.	 Phagocytosis	 assay	 of	 liposomes	 by	 THP-1	 macrophages	 (in	 tumor-

associated	polarization)	and	HT-29	cells.	Scale	bars:	50μm.	

	
As	for	the	liposomal	encapsulation	of	resiquimod,	the	efNiciency	of	remote	loading	

was	calculated	by	 the	below	 formula	 (Equation	1),	which	compares	 intensities	of	

resiquimod-only	and	lysed	sample	of	resiquimod-encapsulating	liposomes	in	qTOF-

MS	analysis.		
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Equation	 1.	 Formula	 for	 drug	 encapsulation	 efNiciency	 calculation	 by	 analysis	 of	

intensity	values	depicted	in	qTOF-MS.	

	
	

The	analysis	report	revealed	the	presence	of	resiquimod	(MW:	314)	in	both	solutions	

(Figure	10).	With	a	free	resiquimod	concentration	of	157μg/mL,	we	have	obtained	a	

peak	with	the	intensity	of	7,092,355.	Meanwhile,	for	the	Ninal	liposome	solution	that	

had	 completed	 all	 the	 steps	 up	 to	 the	 last	 dialysis	 and	 was	 lysed	 to	 leash	 the	

encapsulated	resiquimod,	the	concentration	of	resiquimod	used	for	remote	loading	

after	 dilutions	 for	 spectroscopic	 analysis	was	 60.58μg/mL,	which	 yielded	 a	 peak	

with	the	intensity	of	2,634,230.	The	calculations	below	were	then	followed	(Equation	

2),	to	Nind	the	encapsulation	efNiciency.		
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Figure	 10.	 Spectra	 found	 by	 qTOF-MS	 analysis	 of	 free	 resiquimod	 (i)	 and	 lysed	

resiquimod-encapsulated	liposomes	(ii).	With	a	molecular	weight	of	314,	resiquimod	

shows	a	clear	peak	with	a	hydrogen-bound	form	in	the	analysis,	at	a	total	molecular	

weight	of	315.	The	intensity	values	of	the	peaks	were	analyzed	by	the	software	as	

7,092,355	(i)	and	2,634,230	(ii).		

	

Equation	 2.	 Encapsulation	 efNiciency	 calculation	 for	 resiquimod-encapsulated	

liposomes,	using	intensity	values	of	the	peaks	in	qTOF-MS	analysis.	

	
	

Hence,	a	set	of	physicochemical	and	biophysical	characterizations	had	drawn	us	to	

the	conclusion,	that	the	liposomes	produced	with	our	optimized	protocol	were	sized	

around	 200nm	 with	 an	 acceptable	 polydispersity	 index,	 could	 encapsulate	

resiquimod	with	96.26%	efNiciency,	and	were	readily	phagocytosed	by	THP-1	cells	

but	not	by	HT-29	cells.	
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3.2			Transformation	of	THP-1	Macrophages	into	Tumor-Associated	Polarization	

	

Macrophages	are	highly	plastic	cells,	and	once	activated,	they	are	able	to	change	their	

phenotype	and	thus	function	accordingly	to	the	stimuli	they	are	exposed	to	in	their	

environment.	 Activated	 macrophages	 are	 usually	 classiNied	 as	 either	 M1-like	

polarization,	which	is	associated	with	pro-inNlammatory	response	with	active	roles	

in	 Nighting	 infections	 and	 activating	 further	 immune	 response,	 and	 an	 anti-

inNlammatory	 M2-like	 polarization(Yunna	 et	 al.,	 2020).	 M1	 state	 inhibits	 cell	

proliferation,	increases	tissue	damage,	mediate	immune	response	of	other	immune	

cells;	whereas	M2	state	activity	promotes	cell	proliferation,	tissue	repair,	resolution	

of	inNlammation(Mills,	2012;	Yunna	et	al.,	2020).	Though	these	suggest	for	a	switch	

mechanism,	there	is	usually	a	mixture	of	both	functions	present	in	an	environment,	

and	 especially	 with	 tumor-associated	 polarization	 which	 is	 a	 so-called	 state	 for	

tumor-inNiltrating	macrophages,	macrophages	with	mixed	and	heterogeneous	M1-

like	 and	 M2-like	 polarizations	 are	 implied.	 They	 are	 found	 to	 be	 involved	 in	

producing	an	immune-suppressive	tumor	microenvironment,	enhance	angiogenesis,	

induce	 epithelial-to-mesenchymal	 transition	 and	 proliferation	 of	 cancer	 cells,	

mediate	 countless	 cell-to-cell	 interactions	 to	 secure	 a	 tumor-accommodable	

environment,	and	wire	the	extracellular	matrix	(Yang	et	al.,	2020).	Thus,	we	opted	

for	a	comprehensive	set	of	characterizations	to	assess	the	transformation.		

	

In	 this	work,	 because	 of	 the	 relevant	 Nindings	 in	 literature,	 we	 Nirst	 assessed	 the	

transformation	by	analyzing	bright-Nield	images	of	macrophages	(Figure	11),	as	the	

activated	state	of	macrophages	are	implied	with	a	change	in	morphology,	with	a	more	

spread	cell	attachment	(Deng	et	al.,	2021;	Y.	Huang	et	al.,	2019;	Wheeler	et	al.,	2018;	

Xu	et	al.,	2018)	and	an	increased	production	of	extracellular	vesicles	(Cianciaruso	et	

al.,	2019;	Lu	et	al.,	2021).	We	have	detected	a	signiNicant	difference	between	THP-1	

macrophages	 and	 their	 HT-29-conditioned	 media	 incubated	 states,	 especially	 in	

production	 of	 extracellular	 vesicles	 and	 general	 appearance	 of	 the	 cells,	 where	
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cellular	 borders	 became	 a	 bit	 vaguer,	 and	 cells	 became	 more	 spread	 in	 the	

transformed	state.		

	

	
Figure	 11.	 Bright-Nield	 analysis	 of	 non-transformed	 (M0)	 and	 HT-29-conditioned	

media	treated	macrophages	(TAM)	on	three	consecutive	days.	Scale	bar:	50μm.	

	

To	 further	 test	 the	 spreading	 features,	where	M2-like	 tumor-associated	 state	was	

expected	to	have	a	smaller	minor	to	major	axis	ratio,	we	used	F-actin	staining	which	

validated	 a	 change	 in	 axial	 conformations	 of	 the	 macrophages	 after	 HT-29-

conditioned	media	incubation	(Figure	12).	
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Figure	 12.	 Analysis	 of	 cytoplasmic	 spread	 of	 non-transformed	 (M0)	 and	 HT-29-

conditioned	media	treated	macrophages	(TAM).	Scale	bar	for	far-images	is	100μm,	

for	 close-up	views	 is	20μm.	Minor	axis	 to	major	axis	 ratios	were	 collected	 for	25	

random	cells.	Error	bars	indicate	95%	conNidence	interval.	

	

Despite	 morphological	 heterogeneity	 of	 M1	 and	 M2	 marker	 expressions,	 tumor-

associated	macrophages	are	 thus	often	categorized	as	M2-like	polarization	states,	

and	 thus	 are	 often	 assessed	 by	 the	 ratio	 of	 M1	 to	 M2	 marker	 expressions.	 We	

analyzed	M1	marker	of	CD86	and	M2	marker	of	CD163	on	THP-1	tumor-associated	

macrophages,	by	Nlow	cytometry	(Figure	13)	and	immunocytochemistry	(Figure	14).	

Interestingly,	all	cells	in	both	non-transformed	and	HT-29-conditioned	media	treated	

macrophages	were	CD163+	as	found	by	Nlow	cytometry,	yet	immunocytochemistry	

showed	for	a	clear	difference	in	Nluorescence	intensities;	suggesting	an	absence	of	

complete	 halting,	 yet	 a	 substantial	 decrease,	 of	 CD163	 expression	 in	 HT-29-

conditioned	media	treated	macrophages	compared	to	non-treated	ones.	For	CD86,	a	

similar	pattern	was	observed	for	both	characterization	techniques,	where	both	the	

ratio	 of	 CD86+	 cells	 were	 reduced	 to	 half,	 and	 the	 Nluorescence	 intensity	 of	 the	
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receptor	was	substantially	reduced	in	immunocytochemistry	analysis,	through	HT-

29-conditioned	media	treatment.	

	

	
Figure	 13.	 Flow	 cytometry	 analysis	 to	 detect	 CD86+	 and	 CD163+	 macrophage	

populations	 of	 non-transformed	 (M0)	 and	 HT-29-conditioned	 media	 treated	

macrophages	(TAM).	
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Figure	 14.	 Immunocytochemistry	 for	 CD86	 and	 CD163	 receptors	 on	 non-

transformed	(M0)	and	HT-29-conditioned	media	treated	macrophages	(TAM).	Scale	

bar:	 100μm.	 Fluorescence	 intensities	 are	 quantiNied	 for	 Nive	 random	 cells	 in	 each	

population.		

	

Overall,	 we	 concluded	 that	 HT-29-conditioned	media	 incubation,	 as	 suggested	 in	

literature	(Wei	et	al.,	2019),	was	able	to	transform	THP-1	macrophages	into	tumor-

associated	macrophages.	
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3.3			Re-Education	of	Tumor-Associated	Macrophages	by	Resiquimod-Encapsulating	

Liposomes	

	

In	 this	 section,	 we	 Nirst	 analyzed	 the	 success	 of	 re-education	 by	 resiquimod-

encapsulating	liposomes,	by	comparing	with	resiquimod-only	treatments,	for	CD86+	

cell	ratios	and	Nluorescence	intensities	of	immunocytochemistry	for	CD163;	as	well	

as	 morphological	 assessment.	 After	 showing	 that	 liposome-encapsulation	 of	

resiquimod	did	not	reduce	the	capability	of	the	molecule	to	impact	tumor-associated	

THP-1	 macrophages,	 we	 continued	 by	 re-educating	 by	 resiquimod-encapsulating	

liposomes	 and	 analyzing	 the	 impact	 of	 re-education,	 by	 comparing	 how	 tumor-

associated	 THP-1	 macrophage-conditioned	 versus	 re-educated	 tumor-associated	

THP-1	macrophage-conditioned	media	incubation	of	HT-29	cells	affected	cancer	cell	

morphology,	 proliferation	 (by	 coverage	 assay),	 spheroid	 growth,	 metastatic	

capabilities	(by	wound	healing	assay),	and	stemness	(by	immunocytochemistry	for	

CD133).		

	

In	 terms	 of	 bright-Nield	 morphological	 observations,	 there	 were	 no	 apparent	

difference	 detected	 amongst	 tumor-associated	 macrophages,	 free	 resiquimod	

treated	 tumor-associated	 macrophages,	 free	 liposome	 treated	 tumor-associated	

macrophages,	 and	 resiquimod-encapsulating	 liposome	 treated	 tumor-associated	

macrophages	(Figure	15).	Nevertheless,	staining	F-actin	and	nucleus	revealed	a	more	

spread	morphology	in	both	free	resiquimod	treated	and	resiquimod-encapsulating	

liposome	 treated	ones	 (Figure	15).	We	also	detected	 that	 some	cells	had	multiple	

nuclei	 after	 resiquimod-encapsulating	 liposome	 treatment	 (Figure	15);	which	has	

been	 associated	 with	 Interleukin-4	 and	 Interleukin-13-dependent	 macrophage	

fusion	 to	yield	multinucleated	giant	 cells	 (McNally	&	Anderson,	2011),	which	 is	 a	

phenotype	 also	 shown	 in	 tumor-associated	 state	 of	 macrophages	 in	 solid	 tumor	

sections	(Caillou	et	al.,	2011).	
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Figure	15.	Bright-Nield	and	F-actin	with	DAPI	staining	for	morphological	assessment	

of	 treatments	 done	 on	 tumor-associated	 macrophages	 (TAMs):	 free	 resiquimod	

(TAM	+	free	R848),	free	liposome	(TAM	+	lip),	resiquimod-encapsulating	liposome	

(TAM	+	R848-lip).	Scale	bars:	100μm.	

	

Immunocytochemistry	for	CD163	revealed	that	the	expression	of	the	marker	for	M2-

like	polarization	state	was	substantially	reduced	in	free	resiquimod	and	resiquimod-

encapsulating	liposome	treatments,	but	not	in	free	liposome	treatment	(Figure	16).		
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Figure	16.	CD163	immunocytochemistry	analysis	for	morphological	assessment	of	

treatments	done	on	tumor-associated	macrophages	(TAMs):	free	resiquimod	(TAM	+	

free	R848),	free	liposome	(TAM	+	lip),	resiquimod-encapsulating	liposome	(TAM	+	

R848-lip).	Scale	bar:	100μm.	Fluorescence	intensities	are	quantiNied	for	Nive	random	

cells	in	each	population.	

	

As	 the	 re-education	 by	 resiquimod-encapsulating	 liposomes	 was	 validated,	 we	

passed	 to	 investigate	 the	 reaction	 of	 HT-29	 cells	 to	 the	 re-education.	 On	 an	

interesting	note,	HT-29	cells	were	changed	from	DMEM	culture	to	RPMI	1640	culture	

for	this	study,	which	not	only	facilitated	conditioned	media	incubations,	but	also	was	

signiNicant	in	terms	of	the	maturation	state	of	HT-29	cells;	as	in	DMEM,	1-methyl-

tryptophan	inhibits	2,3	dioxygenase-1	(the	initial	enzyme	in	tryptophan	metabolism	

along	 the	kynurenine	pathway)	and	 therefore	prevents	goblet	cell	differentiation,	

whereas	 tryptophan	 and	 kynurenine	 present	 in	 RPMI	 1640	 induces	 goblet	 cell	

differentiation	shown	by	activated	Notch1	and	reduced	β-catenin	expression	(Park	

et	al.,	2018).	The	difference	 in	morphology	at	 full	conNluency	suggested	 increased	
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maturation	with	villi	formation	(Figure	17),	when	compared	to	literature	(Hekmati	

et	al.,	1990),	though	we	did	not	characterize	the	formation	of	these	villi	in	this	work.		

	

	
Figure	 17.	 Bright-Nield	 images	 of	 conNluent	 HT-29	 cells	 cultured	 in	 DMEM	 and	

conNluent	HT-29	cells	cultured	in	RPMI	1640	for	more	than	5	passages.	Scale	bars:	

50μm.		

	

The	 treatments	 of	 re-educated	 tumor-associated	 THP-1	 macrophage-conditioned	

media	and	tumor-associated	THP-1	macrophage-conditioned	media	on	HT-29	cells	

were	 Nirst	 characterized	 by	 their	 impact	 on	 HT-29	 morphology	 (Figure	 18).	 A	

substantial	 difference	 was	 observed,	 where	 the	 tumor-associated	 macrophages	

seemed	 to	 exert	 a	 mesenchymal-transition-inducing	 impact	 on	 the	 cancer	 cells,	

characterized	by	 transformation	 into	a	more	stretched	morphology.	Re-education	

was	seemingly	unable	to	halt	this	effect	to	the	full,	though	the	level	of	induction	was	

observed	to	be	reduced.	
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Figure	18.	Bright-Nield	and	respective	F-Actin	and	DAPI	staining	analyses	of	HT-29	

cells	 incubated	 with	 RPMI	 1640	 (Control),	 tumor-associated	 THP-1-conditioned	

media	(TAM),	and	re-educated	tumor-associated	THP-1	conditioned	media	(where	

re-education	 was	 mediated	 by	 resiquimod-encapsulating	 liposomes)	 (RE-TAM).	

Scale	bars:	100μm.	

	

The	proliferation	rates	of	HT-29	cells	on	the	treatments	were	analyzed	by	a	coverage	

assay	(Figure	19).	A	clear	increase	in	proliferation	was	evident	in	tumor-associated	

macrophage-conditioned	 media	 treatment,	 where	 the	 conNluency	 reached	 from	

around	40%	to	around	90%	after	one	day.	Re-education	was	found	to	lighten	this	

extreme	impact,	yet	couldn’t	reverse	it	to	the	level	of	negative	control.	
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Figure	 19.	 Coverage	 assay	 analysis	 of	 HT-29	 cells	 incubated	 with	 RPMI	 1640	

(Control),	 tumor-associated	 THP-1-conditioned	 media	 (TAM),	 and	 re-educated	

tumor-associated	THP-1	conditioned	media	(where	re-education	was	mediated	by	

resiquimod-encapsulating	liposomes)	(RE-TAM).	Scale	bar:	500μm.	Percent	covered	

areas	are	quantiNied	for	3	cases	for	each	treatment.	

	

As	assessed	by	Nlow	cytometry,	the	impact	of	re-education	on	HT-29	viability	showed	

a	 similar	 impact	 as	 proliferation	 analysis,	 where	 tumor-associated	 THP-1	

conditioned-media	 treatment	 reduced	 dead	 cell	 ratio	 from	 28%	 to	 5%,	 and	 re-

education	only	could	increase	it	back	to	around	12%	(Figure	20).	
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Figure	20.	Flow	cytometry	analysis	to	detect	dead	(Q1)	and	viable	cells	(Q4)	in	HT-

29	cells	incubated	with	RPMI	1640	(Control),	tumor-associated	THP-1-conditioned	

media	(TAM),	and	re-educated	tumor-associated	THP-1	conditioned	media	(where	

re-education	was	mediated	by	resiquimod-encapsulating	liposomes)	(RE-TAM).	

	

As	 another	 growth	 assessment,	 HT-29	 spheroid	 growth	 proNiles	 under	 the	

treatments	were	 also	 analyzed	 (Figure	 21).	 In	 the	 assay,	 tumor-associated	THP-1	

macrophages	 were	 shown	 to	 increase	 the	 growth	 rate	 of	 the	 three-dimensional	

culture	of	 cancer	 cells,	whereas	 re-education	was	 implied	 a	 rescue	of	 the	 impact,	

causing	similar	growth	proNiles	as	control	spheroids.	
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Figure	21.	Growth	analysis	HT-29	spheroids	 incubated	with	RPMI	1640	(Control),	

tumor-associated	 THP-1-conditioned	 media	 (TAM),	 and	 re-educated	 tumor-

associated	 THP-1	 conditioned	 media	 (where	 re-education	 was	 mediated	 by	

resiquimod-encapsulating	liposomes)	(RE-TAM).	Scale	bar:	500μm.	Percent	covered	

areas	are	quantiNied	for	averaging	20	spheroids	for	two	times	of	treatments.	

	

Next,	migrative	capabilities	of	HT-29	cells	were	analyzed	under	treatments	(Figure	

22).	The	wound-healing	assay	conNirmed	the	hypothesis	that	the	migration	would	be	
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enhanced	 under	 tumor-associated	 THP-1	 macrophage	 conditioned-media,	 which	

was	 also	 supported	 by	 the	 mesenchymal-like	 transformation	 depicted	 in	

morphological	analyses	(Figure	18).	Re-education	seemed	to	completely	reverse	the	

migration-inductive	impact	of	tumor-associated	macrophages,	and	furthermore,	the	

treatment	yielded	with	less	migration	of	HT-29	cells	as	compared	to	control.	

	

	
Figure	 22.	 Wound-healing	 analysis	 of	 HT-29	 cells	 incubated	 with	 RPMI	 1640	

(Control),	 tumor-associated	 THP-1-conditioned	 media	 (TAM),	 and	 re-educated	
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tumor-associated	THP-1	conditioned	media	(where	re-education	was	mediated	by	

resiquimod-encapsulating	liposomes)	(RE-TAM).	Non-covered	area	percentages	are	

quantiNied	for	two	replicates	of	each	treatment.	

	

Finally,	 we	 analyzed	 the	 change	 in	 stemness	 of	 HT-29	 cells	 under	 treatments,	 by	

immunocytochemistry	for	CD133	(Figure	23),	which	is	a	well-described	cancer	stem	

cell	 marker	 present	 in	 various	 colorectal	 carcinoma	 cell	 lines,	 including	 HT-29	

(WANG	et	al.,	2012).	The	expectation	of	tumor-associated	macrophages	increasing	

the	expression	of	CD133	was	conNirmed	by	the	analysis.	Re-education	was	shown	to	

reduce	stemness	according	to	the	results,	though	not	to	the	extent	of	control.		

	

	
Figure	23.	Fluorescence	images	of	immunocytochemistry	for	CD133	complemented	

with	F-actin	and	DAPI	staining	of	HT-29	cells	incubated	with	RPMI	1640	(Control),	

tumor-associated	 THP-1-conditioned	 media	 (TAM),	 and	 re-educated	 tumor-

associated	 THP-1	 conditioned	 media	 (where	 re-education	 was	 mediated	 by	

resiquimod-encapsulating	liposomes)	(RE-TAM).	Scale	bar:	100μm.		
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Chapter	4	
	

Discussion	and	Future	Perspective	
	
	

Immunotherapy,	despite	inheriting	an	obvious	complexity	and	uncertainty,	offers	a	

great	 therapeutic	 promise	 especially	 over	 single-handed	 traditional	 cytotoxic	

therapies	 for	 cancer.	 Combinatorial	 approaches	 of	 immunotherapies	 with	

chemotherapies	 (Ning	 et	 al.,	 2021;	 Padrón	 et	 al.,	 2022;	 Sjoquist,	 2023)	 and	

radiotherapies	(Romano	et	al.,	2021)	that	made	it	to	clinical	trials	have	yielded	with	

extremely	promising	(Barbari	et	al.,	2020;	Zhu	et	al.,	2021),	yet	often	controversial	

conclusions	so	far	for	various	kinds	and	stages	of	cancer	(Q.	Chen	et	al.,	2022),	usually	

because	 of	 the	 high	 rate	 of	 adverse	 reactions	 by	 overly	 activated	 immune	

components.	 Targeting	 and	 controlling	 the	 immune	 attack,	 as	 well	 as	 optimizing	

efNiciency	in	any	kind	of	treatment	strategy,	is	arguably	best	addressed	by	analyzing	

the	 tumor	microenvironment	and	 taking	 its	most	 therapy-inNluential	 features	 into	

consideration.	

	

In	this	thesis,	we	targeted	an	indispensable	helper	of	cancer	cells	in	any	solid	tumor	

microenvironment,	 that	 is	 tumor-associated	 macrophages,	 and	 aimed	 to	 reverse	

their	 tumor-helping	 functions	by	providing	 a	 strong	 immune	activator	of	TLR7/8	

agonist,	 resiquimod,	 in	 a	 liposome.	 Liposomal	 encapsulation	 was	 strategized	 to	

enhance	 targeted	 delivery	 of	 the	 agonist	 to	 the	 solid	 tumor	 site,	 beneNiting	 from	

enhanced	 permeability	 and	 retention	 effect,	 as	 well	 as	 size-dependent	 selective	

phagocytosis	by	macrophages.		
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There	are	a	few	discussion	points	on	the	obtained	observations,	perhaps	the	biggest	

one	 being	 the	 naming	 of	 the	 transformed	 macrophages	 as	 tumor-associated	

macrophages,	while	there	weren’t	enough	characterization	steps	followed	to	conNirm	

their	tumor-associated	state.	Therefore,	we’d	like	to	declare	here	that	what	we	meant	

throughout	the	thesis	by	tumor-associated	macrophages,	was	actually	only	HT-29-

conditioned	media	treated	THP-1	macrophages,	of	which	we	showed	some	extend	of	

results	for	inclination	towards	an	M2-like	polarization.	One	other	questionable	factor	

is	 the	 more	maturated	 state	 of	 HT-29	 cells	 because	 of	 using	 RPMI1640	medium	

instead	of	DMEM.	The	impact	of	such	maturation	on	the	malignant	properties	of	cells	

was	not	assessed	 in	 this	work,	 and	 therefore	 if	 it	 causes	 some	kind	of	 loss	of	 the	

cancerous	nature	of	the	cells,	the	results	might	be	misleading	in	the	way	of	clinical	

translation.	 The	 proposed	 advantages	 for	 utilizing	 liposomes	 as	 carriers	 for	

resiquimod,	which	speculated	to	be	tumor-site	accumulation	due	to	 the	enhanced	

permeability	 and	 retention	 effect,	 as	well	 as	 reduced	 systemic	 inNlammation	with	

selective	phagocytosis	by	phagocytic	cells,	were	not	validated	in	this	study,	therefore	

it	could	be	ideal	to	detect	the	inNiltration	of	the	liposomes	into	solid	tumors	through	

distorted	 vessels	 around	 the	 tumor	 microenvironment,	 and	 a	 comprehensive	

analysis	of	the	inNlammation	states	throughout	the	whole	body	would	be	desperately	

needed	in	carrying	this	work	to	upper	levels.	

	

In	the	current	state	of	the	work,	with	the	designed	and	well-characterized	liposomes,	

we	obtained	 some	promising	preliminary	 in	 vitro	data	 on	 the	 reversal	 of	 cancer-

helping	 impacts	 of	 tumor-associated	macrophages	 through	 re-education.	 The	 cell	

proliferation	rates,	which	was	more	physiologically-relevantly	assessed	by	spheroid	

growth	assay,	 showed	a	 clear	decline	after	 re-education.	 Increased	morphological	

epithelial-to-mesenchymal	transition	cues	under	the	tumor-associated	macrophage	

inNluence	were	also	validated	by	wound-healing	assay,	where	re-education	 impact	

was	again	visible.	We	have	also	observed	an	 increase	 in	stemness	through	tumor-

associated	macrophage	help,	which	was	reduced	upon	re-education,	yet	because	of	
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the	 assays	 done	 to	 assess	 the	 stemness	were	 futile,	 the	 promising	 results	 in	 this	

particular	function	need	to	be	validated	much	further,	especially	because	of	the	vastly	

differential	components	of	the	stemness	of	cancer	stem	cells.		This	was	generally	a	

serious	limitation	of	the	whole	work,	the	variety	of	assays	and	the	number	of	repeat	

experiments,	 yet	 a	 certain	 direction	 was	 still	 obtained,	 towards	 a	 successful	 re-

education	of	tumor-associated	cells	with	the	proposed	strategy.	

	

Even	though	the	success	of	our	strategy	was	not	completely	assessed	in	the	current	

state	 of	 the	 study,	 it	 keeps	 the	 potential	 for	 future	 studies,	 where	 other	 non-

cancerous	cell	 types	and/or	tumor-induced	endothelial	components	could	also	be	

included	 to	 prove	 for	 the	 advantage	 of	 liposomal	 encapsulation.	 Besides	 model	

animals,	 microphysiological	 systems	 are	 also	 great	 candidates	 for	 such	 further	

testing.	In	that	case,	the	liposome	construct	could	be	modiNied	as	well,	for	example	

by	 increasing	 stability	 via	 including	 cholesterol	 in	 the	 lipid	 bilayer.	 Once	 the	

functionality	of	the	resiquimod-encapsulating	liposomes	we	observed	in	this	study	

is	 more	 sophistically	 validated,	 the	 carrier	 system	 also	 inherently	 bears	 some	

potential	 for	 further	 functionalization,	 such	 as	 surface-modiNication	 on	 lipid	

membrane	 of	 the	 liposomes.	 Hence,	 various	 kinds	 of	 molecule-based	 therapies,	

including	chemotherapeutic	ones,	could	be	implemented	in	the	liposomal	construct,	

without	inhibiting	the	immune-activating	functions.		

	

All	 these	advantages	coming	with	utilizing	 liposomes	as	drug	carriers	are	already	

well-recognized	and	appreciated,	and	there	are	other	works	in	the	literature	in	which	

resiquimod-encapsulated	 liposomes	 were	 treated	 on	 tumor-associated	

macrophages	(H.	Li	et	al.,	2021;	Pauli	et	al.,	2021).	What	this	study	further	offers	is	

basically	an	examination	of	the	impact	those	works	also	concluded,	yet	this	time	on	

in	 vitro	 transformed	 tumor-associated	 THP-1	 macrophages	 with	 the	 colorectal	

adenocarcinoma	 cell	 line	 HT-29.	 In	 certain	 consensus	 molecular	 subtypes	 of	

colorectal	 cancer	 based	 on	 tumor	 gene	 expression	 proNiles,	 namely	 subtype	 2	
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(canonical)	and	subtype	3	(metabolic)	where	the	immune	and	stromal	inNiltration	is	

very	low,	enhancing	the	immunogenicity	of	tumor	microenvironment	is	proved	to	be	

a	well-working	treatment	strategy	(Colangelo	et	al.,	2017).	The	epithelial	goblet	cell	

line	 HT-29	 is	 characterized	 to	 belong	 to	 subtype	 3	 (Miller	 et	 al.,	 2021),	 where	

metabolic	 imbalances	 that	 are	 often	 associated	 with	 hypermutations	 and	

microsatellite	 instability	 are	 hold	 responsible	 from	 the	 initiation	 of	 malignant	

phenotype;	 therefore,	 testing	 the	 efNiciency	 of	 an	 immunogenicity-increasing	

treatment	strategy	on	these	cells,	we	aimed	to	get	in	vitro	results	that	may	be	relevant	

in	the	clinic	for	colorectal	cancer	with	consensus	molecular	subtype	3	cases.	

	

Overall,	in	this	thesis,	an	immunotherapeutic	approach	of	liposomal	TLR7/8	agonist	

treatment	on	 tumor-associated	macrophages	 in	colorectal	 cancer	was	explored	 in	

vitro.	Using	THP-1	and	HT-29	cell	lines,	which	were	selected	to	bear	a	potential	of	

clinical	 translatability	 for	 future	 research,	 we	 concluded	 that	 the	 liposomes	 re-

educated	tumor-associated	macrophages,	and	that	the	re-education	reversed	their	

positive	impact	on	stemness,	metastatic	capabilities,	and	growth	of	colorectal	cancer	

cells.	
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