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STRESZCZENIE

Raki ptaskonabtonkowe (SCC, ang. squamous cell carcinoma) sa zr6znicowang grupa
agresywnych nowotwordéw, o niewyjasnionej do konfca patogenezie. Niektore
obserwacje kliniczne sugerujg, ze na rozwdj SCC moze mie¢ wplyw aktywnos¢
oksygenazy hemowej-1 (HO-1). HO-1 katalizuje enzymatyczny rozktad hemu do jonéw
zelaza, tlenku wegla i biliwerdyny, ktora jest nastepnie redukowana do bilirubiny.
Produkty reakcji rozktadu hemu posiadajg wtasciwosci antyapoptotyczne,
antyproliferacyjne, przeciwutleniajgce, a takze immunomodulujace, moga wiec wptywac

na wzrost i przerzutowanie nowotworu.

Uktad odpornosciowy potrafi rozpozna¢ i zniszczy¢ stransformowang komorke
nowotworowga. Szacuje sie, Ze codziennie w organizmie ludzkim wiele
stransformowanych komdrek jest eliminowanych w ten sposéb. Jednakze ciggta presja
immunologiczna powoduje selekcje komoérek nowotworowych, ktére unikajg eliminacji
przez komorki ukitadu odpornosciowego. Przetamanie supresji immunologicznej,
pozwolitoby prawdopodobnie na ich skuteczng eliminacje. Dlatego wiele uwagi

poswieca sie mechanizmom upos$ledzenia odpowiedzi antynowotworowe;j.

Badania wskazuja, ze HO-1 petni istotng role w komdrkach nowotworowych. HO-1 jest
indukowana przez szereg czynnikdw prozapalnych i ulega wysokiej ekspresji w wielu
nowotworach. Uwaza sie, Zze HO-1, jako enzym cytoprotekcyjny, jest odpowiedzialna za
ochrone komoérek nowotworowych przed chemioterapig i terapig fotodynamiczng oraz
utatwia nabywanie opornosci na niektére leki przeciwnowotworowe. Pomimo znanej
funkcji HO-1 w regulacji odpowiedzi immunologicznej dotychczas nie uwzgledniano
wysokiej ekspresji HO-1 w nowotworach, jako potencjalnego czynnika regulujgcego

odpowiedZ antynowotworowa.

Celem pracy byto zbadanie roli HO-1 w indukcji i progresji raka ptaskonabtonkowego, w

szczegoblnosci w regulacji migracji leukocytow do nowotworu.

W pierwszej czesci badan myszy o réznym poziomie ekspresji HO-1 (typu dzikiego, z
niedoborem HO-1 oraz nadekspresja HO-1 w nabtonkach) byly poddane chemicznej
karcynogenezie jamy ustnej i przetyku. Nie odnotowano wpltywu poziomu HO-1 na

powstawanie zmian nowotworowych na jezyku. Zaobserwowano natomiast, Ze myszy z



niedoborem HO-1 (HO-1-/-) byly bardziej podatne na karcynogenne dziatanie 4NQO w
przetyku niz myszy typu dzikiego oraz myszy z nadekspresjg HO-1. Ponadto, tylko w
grupie myszy HO-17/- zaobserwowano wysoka $miertelno$¢ spowodowang ostra
toksyczno$cig 4NQO w poczatkowym etapie trwania eksperymentu. W jezykach myszy
poddanych dziataniu 4NQO nastgpit wzrost ekspresji dysmutazy ponadtlenkowej 1
(Sod1) oraz keratyny 8, ktorej ekspresja w nabtonku wielowarstwowym jest zwigzana z
nowotworzeniem. Jednocze$nie obnizyta sie ekspresja keratyny 4, charakterystycznej
dla zréznicowanych komérek nabtonka. W surowicy myszy poddanych dziataniu 4NQO
zaobserwowano wzrost stezenia IL-6 i eotaksyny. Niedobdr HO-1 spowodowat wzrost
stezenia IL-7 oraz MCP-1 w surowicy zwierzat traktowanych karcynogenem, co moze

sugerowa¢ immunomodulujgce dziatanie HO-1.

Nastepnie wszczepiono podskérnie myszom syngenicznym komorki linii raka
ptaskonabtonkowego o normalnym lub stabilnie podwyzszonym poziomie HO-1. Wzrost
guzéw byt monitorowany za pomocg pomiaréw bioluminescencji. Po uspieniu myszy,
analizowano naptyw leukocytow do guzéw nowotworowych za pomoca cytometrii
przeptywowej. Komorki z nadekspresja HO-1 po podaniu do myszy syngenicznych
tworzyly mniejsze guzy, ze zwiekszong infiltracja komérek uktadu odpornosciowego
(CD45%), szczegdlnie linii mieloidalnej (CD11b*): niektérymi populacjami makrofagéw
oraz mieloidalnych komérek supresorowych (MDSC). Nadekspresja HO-1 w guzie miata
takze wplyw na zmniejszong infiltracje guzéw komoérkami o fenotypie limfocytéw T
regulatorowych (CD4* CD25*) oraz zmniejszony stosunek limfocytéw CD4/CD8 w guzie

oraz we krwi obwodowe;.

Ekspresja HO-1 jest czesto podwyzszona w tkance nowotworowej, ale jest takze
dodatkowo indukowana przez chemioterapie oraz radioterapie. Dlatego w kolejnym
etapie badan, razem z podskérnym podaniem komoérek nowotworowych, zastosowano
farmakologiczng indukcje HO-1 za pomoca protoporfiryny kobaltu IX (CoPP). Wykazano,
ze podanie CoPP powoduje mobilizacje komodrek ze szpiku kostnego do krwi
obwodowej, czemu towarzyszy wzrost stezenia G-CSF oraz IL-6 we krwi. Mobilizacja
komorek krwi ze szpiku kostnego do krazenia obwodowego ma kluczowe znaczenie dla
zapewnienia prawidlowego funkcjonowania uktadu odpornosciowego. Proces ten jest
Scisle regulowany zaréwno podczas homeostazy hematologicznej, jak i w warunkach

stresu, takich jak infekcje lub terapia lekami cytotoksycznymi. Mechanizmy regulujace
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mobilizacje komorek sg ztoZone i pozostaja nie w petni poznane. Populacje leukocytow,
zmobilizowanych przez podanie CoPP charakteryzowano bardziej szczegétowo przy
uzyciu cytometru przeplywowego. Podanie CoPP spowodowato wzrost ilosci
granulocytow (CD11b* Ly6C- Ly6G*) we krwi. Zaobserwowano takze mobilizacje
hematopoetycznych komorek macierzystych/progenitorowych (KLS, c-Kit* Lin- Sca-1+).
W poréwnaniu do rhG-CSF, CoPP mobilizuje granulocyty bardziej dojrzate, o wiekszej
zlarnistos$ci i wyzszej ekspresji Ly6G oraz wiekszg liczbe komoérek KLS, regenerujacych
uktad krwiotworczy po przeszczepie. Wyniki naszych doSwiadczen pokazuja, ze CoPP
moze by¢ rozpatrywana jako potencjalny lek przeciwdziatajacy neutropenii lub srodek
stuzacy do mobilizacji komoérek macierzystych w celu ich izolacji i przeszczepienia.
Podanie CoPP myszom pozbawionym genéw kodujacych HO-1 oraz czynnika
transkrypcyjnego Nrf2 wywotato taki sam efekt mobilizacji komoérek jak u myszy

dzikich, co wskazuje na niezalezne od HO-1 i Nrf2 dziatanie CoPP.

Podsumowujac, zmieniona ekspresja HO-1 w raku ptaskonabtonkowym moze wptywacé
na powstawanie i wzrost nowotworu, ekspresje cytokin i czynnikow wzrostu oraz
infiltracje guzéw przez komérki uktadu odpornos$ciowego. CoPP dziatajac niezaleznie od

HO-1 powoduje mobilizacje komérek hematopoetycznych ze szpiku kostnego do krwi.



ABSTRACT

Squamous cell carcinomas (SCC) are a diverse group of aggressive cancers of not yet
clear pathogenesis. Some clinical observations suggest that the activity of heme
oxygenase-1 (HO-1) can influence the development of SCC. HO-1 catalyses the enzymatic
degradation of heme into ferrous ions, carbon monoxide and biliverdin, which is
subsequently reduced to bilirubin. The products of heme degradation possess anti-
apoptotic, anti-proliferative, anti-oxidant and immunomodulatory properties and may

therefore affect the tumor growth and metastasis.

The immune system can recognize and destroy transformed cancer cells. It is estimated
that every day many transformed cells are eliminated in this way in the human body.
However, the constant pressure of immune system causes the selection of tumor cells
which escape the elimination by immune cells. Overcoming immune suppression, may
enable the efficient elimination of tumor cells. Therefore, much attention is paid to the

dysregulation of mechanisms of anti-tumor response.

Studies show that HO-1 plays an important role in cancer cell biology. HO-1 is induced
by a number of pro-inflammatory factors and is highly expressed in many tumors. It is
believed that HO-1 as a cytoprotective enzyme, is responsible for protecting the tumor
cells from the chemotherapy and photodynamic therapy and enables the resistance to
some anti-cancer drugs. Despite the known function of HO-1 in the regulation of
immune response, high expression of HO-1 in tumors was not considered as a potential

control agent in anti-tumor response.

The aim of this work was to examine the role of HO-1 in the induction and progression
of squamous cell carcinoma, particularly in the regulation of leukocyte migration into
the tumor. In the first part of the study, mice with distinct levels of HO-1 expression
(wild-type, HO-1 deficient and overexpressing of HO-1 in the epithelia) were subjected
to chemical carcinogenesis of oral cavity and esophagus. There was no influence of the
level of HO-1 on the formation of neoplastic lesions on the tongue. However, HO-1
deficient mice (HO-17/-) were more susceptible to carcinogenic effect of 4NQO in
esophagus than wild-type mice and HO-1-overexpressing mice. Moreover, only in the
group of HO-1~/- mice we observed a high mortality due to acute toxicity 4NQO at the

initial stages of the experiment. We observed increased expression of superoxide
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dismutase 1 (SOD1) in the tongues of mice treated with 4NQO. Tongues of mice treated
with 4NQO had also higher expression of keratin 8, which presence in stratified
squamous epithelium is associated with carcinogenesis and, at the same time, decreased
expression of keratin 4, characteristic for differentiated epithelial cells. We observed
increased concentration of IL-6 and eotaxin in the serum of mice treated with 4NQO.
HO-1 deficiency resulted in an increased concentration of IL-7 and MCP-1 in serum of

animals treated with the carcinogen, suggesting immunomodulatory effect of HO-1.

Next, we injected squamous cell carcinoma cell lines with normal or increased level of
HO-1 subcutaneously into syngeneic mice. The growth of tumors was monitored by in
vivo bioluminescence measurements. Following sacrifice, the tumors were excised and
leukocyte infiltration was analyzed by flow cytometry. HO-1 overexpressing cells
injected to syngeneic mice formed smaller tumors, which were more infiltrated with
leukocytes (CD45+), especially of myeloid lineage (CD11b*): certain populations of
macrophages and myeloid suppressor cells (MDSC). Overexpression of HO-1 in the
tumor led to the reduced infiltration of tumor with the cells of regulatory T cell
phenotype (CD4* CD25*) and a decreased CD4/CD8 ratio of T lymphocytes in the tumor
and in the peripheral blood.

HO-1 expression is often elevated in tumor tissue, but is also further induced by
chemotherapy and radiotherapy. Therefore, along with a subcutaneous tumor cells
injection, we induced HO-1 using cobalt protoporphyrin IX (CoPP). We show that
administration of CoPP causes the mobilization of cells from bone marrow to peripheral
blood, accompanied by increase in the concentration of G-CSF and IL-6 in the plasma.
The mobilization of blood cells from the bone marrow into the peripheral circulation is
essential for the proper functioning of the immune system. This process is highly
regulated both during the homeostasis of hematologic system and in stress conditions,
such as infection or use of cytotoxic drugs. The mechanisms regulating cell mobilization
are complex and not yet fully understood. Leukocyte populations mobilized by
administration of CoPP were characterized in more detail using flow cytometry. CoPP
administration increased the number of granulocytes (CD11b* Ly6C- Ly6G*) and
hematopoietic stem/progenitor cells (HSC, c-kit* Lin- Sca-1*) in blood. As compared to
rhG-CSF, CoPP mobilized more mature granulocytes (more granular and with higher

expression of Ly6G) and higher number of HSC cells, which regenerated the



haemopoietic system when transplanted. The results of our experiments show that CoPP
can be considered as a potential treatment of neutropenia or for mobilization of stem
cells for their isolation and transplantation. Administration of CoPP to mice lacking
genes encoding for HO-1 and transcription factor Nrf2 resulted in similar mobilization

as in the wild type mice, indicating that effect of CoPP is independent of HO-1 and Nrf2.

In summary, the altered expression of HO-1 in squamous cell carcinoma may affect the
formation and growth of tumor, the expression of cytokines and growth factors, and the
infiltration of tumors by the immune cells. CoPP acting independently of HO-1 results in

mobilization of hematopoietic cells from the bone marrow into the blood.
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1. ABBREVIATIONS

4NQO - 4-Nitroquinoline 1-oxide

AP-1 - Activator protein 1

ARE - Antioxidant response element
BM - Bone marrow

BMT - Bone marrow transplantation
BSCC - Buccal squamous cell carcinoma
Bv8 - Bombina variegata peptide 8
CoPP - Cobalt protoporphyrin IX
CORM - Carbon monoxide releasing
molecule

COX-2 - Cyclooxygenase-2

DC - dendritic cell

DHR 123 - Dihydrorhodamine 123
DMSO - Dimethyl sulfoxide

EMT - Epithelial to mesenchymal transition
EP - Erythroid progenitors

FAP - fibroblast activation protein a
FBS - Fetal bovine serum

FH - Fumarate hydratase

fMLP - N-formylmethionyl-leucyl-
phenylalanine

GFP - Green fluorescent protein

GMP - Granulocyte-macrophage progenitor
H&E - Hematoxylin and eosin

HMOX1 - Heme oxygenase-1 gene
HNSCC - Head and neck squamous cell
carcinoma

HO - Heme oxygenase

HPC - Hematopoietic progenitor

HPV - Human Papilloma Virus

HRE - Hypoxia-responsive element
HRPCa - Hormone refractory prostate cancer

HSC - Hematopoietic stem cell

HSPC - Hematopoietic stem and progenitor
cell

ICAM-1 - Intercellular Adhesion Molecule 1
iNOS - Inducible nitric oxide synthase

Jak - Janus kinase

KLS - c-Kit+Lin-Sca-1+ cell

KLS- - c-Kit+Lin-Sca-1- cell

Krt - Keratin

LPS - Lipopolysaccharide

Luc - Luciferase

MDSC - Myeloid-derived suppressor cell
MEP - Megakaryocyte-erythroid progenitor
MFI - Mean fluorescence intensity

MHC II - Major histocompatibility complex
class Il

MMP - Matrix metalloproteinase

MPP - Multipotent progenitor

Mps - Metalloporphyrins

NFkB - Nuclear factor kappa-light-chain-
enhancer of activated B cells

NK - Natural killer cells

NKT - Natural killer T cells

Nrf2 - Nuclear factor erythroid 2-related
facotr-2

0SCC - Oral squamous cell carcinoma

PAC - Proangiogenic cell

PB - Peripheral blood

PBMC - Peripheral blood mononuclear cell
PBS - Phosphate buffered saline

PCNA - Proliferating cell nuclear antigen
PCR - Polymerase chain reaction

pDC - Plasmacytoid dendritic cell

PI - Propidium iodide

PMA - Phorbol 12-myristate 13-acetate
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R123 - Rhodamine 123

RFU - Relative fluorescence units
ROS - Reactive oxygen species

RT - Room temperature

RV - Retroviral vector

SCF - Stem cell factor

SDF-1a - stromal cell-derived factor-1a
SLE - Systemic lupus erythematosus
SnPP - Tin protoporphyrin IX

SOD - Superoxide dismutase

STAT - Signal Transducer and Activator of
Transcription

Teff - Effector T cell

TEM - Tie-2-expressing
monocyte/macrophage

TLR - Toll-like receptor

TG - Transgenic

TIL - Tumor infiltrating lymphocyte
TKI - Tyrosine kinase inhibitor
Treg - Regulatory T cell

WT - Wild type

ZnPP - Zinc protoporphyrin IX

Complete blood count

GRA - Granulocytes
HCT - Hematocrit
HGB - Hemoglobin
LYM - Lymphocytes
MON - Monocytes

PLT - Platelets
RBC - Erythocytes (red blood cells)
WBC - Leukocytes (white blood cells)

Cytokines and growth factors

EGF - Epidermal growth factor

G-CSF - Granulocyte colony-stimulating
factor

GM-CSF - Granulocyte-macrophage colony-
stimulating factor

IFN - Interferon

IL - Interleukin

[P-10 - Interferon gamma-induced protein
10 (CXCL10)

KC - Keratinocyte-derived chemokine
(CXCL1D)

LIF - Leukemia inhibitory factor

LIX - LPS-induced CXC chemokine (CXCL5)
MCP-1 - Monocyte chemoattractant protein-1
M-CSF - Macrophage colony-stimulating
factor

MIG - Monokine induced by gamma
interferon (CXCL9)

MIP - Macrophage Inflammatory Protein
RANTES - Regulated on Activation, Normal
T-cell Expressed and Secreted (CCL5)
TNFa - Tumor necrosis factor-a

VEGF - Vascular endothelial cell growth

factor
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2. INTRODUCTION

Fragments of introduction were published in following articles: A. Szade, A. Grochot-
Przeczek, U. Florczyk, A. Jozkowicz, |. Dulak: Cellular and molecular mechanisms of
inflammation-induced angiogenesis, IUBMB Life 2015 Mar;67(3):145-59 and A. Szade, ]. Dulak,
A. Jozkowicz: Rola oksygenazy hemowej-1 w patogenezie nieswoistych zapalen jelit (The role
of heme oxygenase-1 in the inflammatory bowel diseases). Przeglgd gastroenterologiczny

2009, 4 (6): 283-287.
2.1. Characteristic of squamous epithelium

Epithelium lines cavities and organs of the body. It is built by tightly connected cells that
reside on basal membrane with minimal amount of intracellular spaces. The epithelium
contains no blood vessels, therefore nourishment and removal of wastes have to be

exchanged by diffusion through the basal membrane [1].

The simple epithelium contains only a single layer of cells, while if more cell layers are
present it is referred to as the stratified epithelium. Depending on their morphology the
epithelial cells are categorized into three main classes: cuboidal, columnar and

squamous [1, 2].

Simple squamous epithelium is found in the linings of heart and alveoli of the lungs. The
stratified squamous epithelium is typical for oral cavity, esophagus, vagina and anal
canal [1]. These are tissues that are continuously exposed to mechanical shedding, but

are kept within wet microenvironment due to secretion of the glands [1].

Special kind of the stratified epithelium is found in the skin, which is composed of two
main sublayers: dermis and epidermis. Dermis is made of connective tissue, with many
collagen and elastic fibers filled with extrafibrillar matrix [2]. Epidermis of the skin is the

most external zone and is built of keratinized stratified squamous epithelium [2].

The different layers of stratified epithelium play various biological functions. The basal
layer is attached to basal membrane and consist dividing precursor cells. The cells that
detach from basal membrane and move into spinous layer or intermediate layer (in
keratinized and non-keratinized epithelia, respectively) lose their proliferative

character and start to differentiate [1-3]. The most outer granular layer or superficial is
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made of finally differentiated cells, that loose the nuclei and produce specific lipids and
proteins [3, 4]. In the skin keratins and lipids together with dead anucleated corneocytes
form the stratum corneum - the waterproof, most protective layer that is continuously

sloughed into the environment [1-3] (Fig. 1).

While the localization of dividing cells in basal layer and movement of their progeny
toward upper layers, that is linked with differentiation, is characteristic for all stratified
squamous epithelia, the keratinization is observed only in skin [1]. The keratinization
observed in stratified squamous epithelium in other localizations is an indication of

pathological conditions [1, 5].
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Fig. 1. Stratified epithelium differentiation scheme.

2.1.1. Selected types of squamous cell carcinoma

Squamous cell carcinomas (SCC) are derived from squamous epithelium [6]. SCC may
occur in all organs where squamous epithelium exists [6]. Therefore, the SCC is a
heterogeneous group of tumors that, depending on their localization, may significantly

differ in progression, prognosis and treatment responsiveness [6].

SCC is the second most common type of skin cancer (after basal cell carcinoma) [7].
Although the sun exposure is the well-recognized risk factor and its avoidance can
reduce the chance of SCC, the number of the cutaneous SCC is still rising [7]. While the
incidence rate is rising, the SCC mortality rate over the years is decreasing and

estimated to be 0.7% [7].
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Nevertheless, other squamous cell carcinomas have worse prognosis. The head and neck
squamous cell carcinoma (HNSCC), that involves cancers localized in mouth, nasal cavity
and throat, is the sixth most common cancer in the world [8] and the mean 5-year
survival does not exceed 50% [9]. Furthermore, there has been no improvement in
treatment of HNSCC in last decades [10]. The HNSCC occurs mainly in elderly people (<
60 years), however during last years more cases are recorded among younger

population [11].

Squamous cell carcinoma contains also a significant fraction of esophageal cancers [12].
This cancer is often diagnosed in advanced stage and 5 year survival is only around 15%
[12]. The esophageal SCC (ESCC) occurs more frequently in central and south-eastern
Asia, with over half of cases diagnosed in China [13]. Other region were ESCC is more

frequent is Sub-Saharan Africa [13, 14].

It is well documented that SCC is linked with many environmental factors and life style.
Apart from influence of UV-exposure on cutaneous SCC, the alcohol consumption and
tobacco chewing significantly contribute to increased risk of HNSCC and ESCC [15, 16].
The areca chewing habit is taught to be one of the most important causes of HNSCC and
ESCC in Asia [17]. SCC was also shown to be associated with human papilloma virus
(HPV). HPV-positive tumors possess more mutations than HPV-negative ones, however
better respond to the chemotherapy [18, 19]. Other risk factors are chemical compounds
such as polycyclic aromatic hydrocarbons or asbestos [11]. It was also evidenced that
patients who receive systemic immunosuppression drugs (e.g. transplant receivers)

have increased risk of SCC [11].

The treatment of SCC is based on surgical excision. Often the therapy includes many
combined strategies such as radiotherapy, chemotherapy or photodynamic therapy.
Although the knowledge about biological mechanisms of SCC etiology is increasing, only
few novel biological therapies for SSC are tested. These include cetuximab [20-22] and
trastuzumab [23] monoclonal antibodies as well as small tyrosine kinases inhibitors
(TKI) gefitinib [24-26], erlotinib [27, 28] or lapatinib [29] that target EGFR (epidermal
growth factor receptor) pathway. TKIs targeting other pathways: sunitinib [30] and

cediranib [31] are also under clinical investigation.

17



Concluding, there is a great interest to develop new targeted strategies to treat SCC.
However, to make it possible, the better understanding of biological and cellular

mechanism underlying the SCC development is needed.

2.1.2. Cellular mechanism of squamous cell carcinoma

Most of epithelial tissues are characterized by high turn-over rate [32]. The cells from
outer epithelial layers are constantly shed off to the environment and have to be
replaced by new cells. It is estimated that the mean turn-over of skin epidermis in
humans is 40-56 days [33] (8-10 days in mice [34]). The homeostasis of this process is
maintained by epithelial stem cells. Stem cells can divide asymmetrically: one of the
progeny cells is differentiating and move toward outer layers, while the second one
remains undifferentiated stem cell and thus self-renews stem cell pool throughout the

lifetime [32].

Nevertheless, continuous self-renewal predisposes stem cells to accumulate mutations
[35]. Accumulation of several mutations is required condition for malignant
transformation [36]. Therefore, it was proposed that these are cancer stem cells that are

responsible for uncontrolled expansion of tumor cells [35].

The existence of cancer stem cells in human HNSCC was confirmed by Prince and
colleagues [37]. They identified minor population of tumor cells that expressed CD44
marker and showed properties of stem cells: reproduced tumor heterogeneity and could
be serially passaged in vivo [37]. These results indicate that cancer stem cells should be

the main target of novel target therapies.

2.2. Heme oxygenase-1

Heme oxygenase is an enzyme which degrades heme [38]. The products of the reaction
catalyzed by heme oxygenase are: carbon monoxide (CO), ferrous ion and biliverdin,
which is subsequently converted to bilirubin by biliverdin reductase [39]. Catalytic
heme degradation requires electron donor, that is NADPH provided by P450 cytochrome
reductase and oxygen (reviewed in [40], (Fig. 2)).
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Fig. 2. Catalytic reaction of HO-1. Heme is degraded into CO, Fe2+ and biliverdin. The reaction requires
molecular oxygen and NADPH. Water-soluble biliverdin is further reduced to insoluble bilirubin by biliverdin
reductase.

Although heme oxygenase was discovered in the late 60’s of last century, it attracted
broad interest in a wider group of scientists twenty years later, when two isoforms
where distinguished: constitutive HO-2 and inducible HO-1 [41, 42]. HO-1 and HO-2 are
encoded by two different genes, in humans known as HMOX1 and HMOXZ2, located on
chromosomes 22 and 16, respectively [40]. In humans, there are differences in the level
of induction of HO-1 in response to stress factors, which are caused by HMOX1 promoter
polymorphisms [43]. So far, in the literature, there are three described cases of HO-1
deficiency in humans. All affected children died due to pathological changes in various

organs [44, 45].

Noteworthy, generation of genetically modified mice that lack the expression of HO-1
(HO-1/-) accelerated clarifying the complex role of this enzyme [46]. HO-1-/- are affected

by chronic proinflammatory state and dysregulated iron homeostasis [46].

The induction of HO-1 expression is often described in the context of NF-E2-related
factor 2 (Nrf-2) activity and referred to as HO-1/Nrf2 pathway. Nrf2 is a key
transcription factor involved in cell response to oxidative and electrophilic stress. Under

normal conditions, Nrf2 is bound by its repressor Keapl (Kelch-like ECH-associated
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protein 1), ubiquitinated and degraded in proteasome (reviewed in [47]). Pro-oxidative
conditions cause Keapl structure changes through cysteine thiol group modification,
leading to Nrf2 stabilization and translocation to the nucleus. Then Nrf2 can bind to ARE
(antioxidant response element) sequences in its target genes, that includes Hmox1, but
also other genes such as glutamate-cysteine ligase (Gclc), thioredoxin reductase 1

(Txnrd1) and NAD(P)H-quinoneoxidoreductase 1 (NQO1) [48] (Fig. 3).
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Fig. 3. Simplified scheme of gene expression activation by Nrf2.

2.2.1. Canonical and non-canonical role of HO-1

For a long time it was believed that the only positive effect of heme oxygenase reaction
is the degradation of free heme, which is detrimental to cells in high concentrations - it
contributes to oxidative stress and inflammation, increasing the permeability of
endothelium and the expression of adhesion molecules, such as ICAM-1 (ang.
intercellular adhesion molecule 1) and P-selectin [49]. Heme degradation products were
considered to be unnecessary and even harmful. Indeed, the presence of Fe2* can cause
tissue damage by generating reactive oxygen species (ROS) [49, 50]. In newborns
unconjugated bilirubin can damage neurons after crossing the blood-brain barrier [49].

Finally, carbon monoxide is considered mainly as a toxic gas, which binds irreversibly to
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hemoglobin and leads to death in a short time when present in elevated concentrations

in the air [40].

However, the detection of anti-inflammatory and anti-oxidant properties of products of
catalytic heme degradation opened a new research field. This new direction aims to
understand role of HO-1 not only in acute heme overload but also in several other

processes important to sustain tissue homeostasis.

Oppositely to initial concepts, it was evidenced that increased expression of HO-1 and
release of Fe2* ions induce a corresponding increase of the ferritin expression which, in
addition to binding iron ions, has cytoprotective [40] and anti-apoptotic effects [51].
Bilirubin at low concentrations has anti-inflammatory and anti-oxidative properties - it
scavenges reactive oxygen and nitrogen species [40], inhibits the interaction of

neutrophils with endothelium and reduces activation of cytotoxic T cells [52].

The most intensively studied product of heme degradation seems to be carbon
monoxide (CO). Like nitric oxide, CO proved to be an important intercellular signaling
molecule. CO increases the concentration of cGMP (cyclic guanosine 3'5'-
monophosphate), and thus works as an anti-coagulant [53]. CO reduces the production
of proinflammatory cytokines - IL (interleukin)-1, IL-6, TNFa (tumor necrosis factor o)
and MIP-1la (macrophage inflammatory protein o) and the expression of adhesion
molecules, and simultaneously increases the production of anti-inflammatory IL-10. In
some cell types CO has antiproliferative activity [40] but it can increase the proliferation
of endothelial cells [51]. CO affects the transmission of signals from certain TLRs
(Toll-like receptors), which are very important in the initiation of immune responses

against pathogens [54].

A lot of studies on the beneficial effects of CO in the body involves the use of compounds
which release carbon monoxide (CORM, carbon monoxide releasing molecule). The
positive results of experiments with the use of CORM give hope for their future use in

therapy [55].

Discovery of these profound molecular effects mediated by products of HO-1-catalyzed
reaction triggered the research on role of HO-1 in angiogenic and inflammatory

processes.
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2.2.2. HO-1 as regulator of angiogenesis

Angiogenesis is the process of new blood vessel formation. This process is often driven
by inflammatory reaction, however new blood vessels could develop from preexisting
ones also during steady-state conditions (reviewed in [56]). These processes are
referred to as inflammatory and non-inflammatory angiogenesis. A number of studies

demonstrated a significance of HO-1 in both of them [57].

First, HO-1 plays an important role in the wound healing - a complex process in which
both inflammation and inflammation-induced angiogenesis are necessary to repair the
tissue. Wound closure and vascularization are impaired in HO-1 deficient mice, whereas

HO-1 overexpression in the skin improves neovascularization and wound healing [58].

Second, increasing HO-1 expression can provide a therapeutic benefit in the ischemic
injury. Our group has shown that administration of plasmid with HO-1 ¢cDNA under
control of HRE (hypoxia responsive element) diminishes production of proinflammatory
cytokines such as KC (keratinocyte-derived chemokine) or IL-6 and decreases apoptosis
in ischemic skeletal muscles [59]. Inhibition of inflammation in hypoxic muscle was
associated with improved neovascularization [59]. The similar proangiogenic effect of
HO-1 was shown also in a model of hind limb ischemia in rats [60] and myocardial

infarction in mice [61] or rats [62].

However, the involvement of HO-1 in the angiogenesis is not only connected with
regulation of inflammatory response. HO-1 is implicated in signaling of two critical
proangiogenic factors: vascular endothelial cell growth factor (VEGF) [63] and stromal
cell-derived factor-1a (SDF-1a) [64]. HO-1 expression is upregulated both by VEGF and
SDF-1a and mediates their proangiogenic activity. Additionally, HO-1 activity itself can
increase levels of VEGF [65].

The studies on involvement of HO-1 in angiogenesis could not overlook the potential
role of Nrf2 transcription factor which is responsible for the induction of HO-1
expression. Indeed, an inflammatory response has been proposed as a mechanism of
ischemia-induced revascularization in several in vivo models using Nrf2-knockout mice.
Recently, the proangiogenic role of Nrf2 was also demonstrated (as reviewed in [66]).

For example, Wei et al. showed that Nrf2 acts in endothelium to regulate tip cell
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formation and vascular branching [67]. On the other hand, our group reported
involvement of Nrf2 in proangiogenic activities of endothelial cells and bone-marrow-
derived proangiogenic cells (PAC) [68]. Lack of Nrf2 leads to decreased angiogenic
potential of PAC and impairs their mobilization after hind limb ischemia [68]. However,
the work by Ichihara et al. and further by our group both demonstrated that an ablation
of the Nrf2 promotes ischemia-induced neovascularization likely due to enhanced

inflammatory response [69].

Although Nrf2 induces strongly the HO-1 expression, it has to be underlined that
proangiogenic activity of HO-1, at least to some extent, is independent of Nrf2. This was
suggested by experiments in which HO-1 level was upregulated both in Nrf2+/+ and in

Nrf2-/- muscles after ischemia [68].

2.2.3. HO-1 as regulator of innate and adaptive immunity

As indicated above, HO-1 activity affects the levels of many inflammatory mediators,
what understandably leads to modulation of numerous processes, e.g. angiogenesis. But
the current knowledge on HO-1 extends a view that it only influences the levels of
inflammatory factors, and points to a more complex role of HO-1 in mounting both the

innate and adoptive immune response at cellular level [70].

Participation of HO-1 in the regulation of innate immunity was mainly investigated in
the context of monocyte/macrophage lineage function. These studies were triggered by
initial observations that HO-1/- mice have elevated levels of MCP-1 (monocyte
chemoattractant protein-1) - the proinflammatory factor regulating the response of
monocytes and macrophages (reviewed in [71]). Further studies confirmed that lack of
HO-1 causes the over-activated, proinflammatory phenotype of macrophages (reviewed
in [70]). Otterbain et al. described the molecular mechanism that underlies this
phenomenon. They showed that CO produced by HO-1 stimulates production of IL-10 by
macrophages [72]. While IL-10 possesses potent anti-inflammatory properties, its
decreased levels may explain the proinflammatory phenotype of macrophages in HO-1-
deficiency. Moreover, not only the HO-1 activity stimulates the IL-10 production, but

also IL-10 upregulates HO-1 expression [73]. This indicates the presence of positive

23



feedback mechanism and emphasizes the importance of HO-1 in anti-inflammatory

function of IL-10.

The role of HO-1 in monocyte/macrophage lineage is not limited to regulation of
function of mature macrophages. Recent study evidenced that HO-1 is involved in
maturation of the myeloid cells from hematopoietic stem and progenitor cells. The
specific deletion of HO-1 in myeloid lineage (Lyz-Cre:Hmox1f/f) partially blocks
differentiation of myeloid progenitors toward macrophages [74]. It was shown that CO,
produced by HO-1, stimulates the differentiation of myeloid progenitors to
macrophages, increases CD14 on their surface and enhances sensitivity toward M-CSF

(macrophage colony-stimulating factor) stimulation [74].

The importance of HO-1 already in early differentiation steps of myeloid development
was further confirmed by its role in myeloid derived suppressor cells (MDSC) - a
population representing the immature myeloid cells circulating in the peripheral blood
[75]. HO-1 was crucial for the immunosuppressive function of MDSC population also in

IL-10-dependent manner [76].

HO-1 deficiency in macrophages has important consequence for maintenance of
organism homeostasis as well as for resolution of pathological conditions. The latter was
evidenced in a model of experimental autoimmune encephalomyelitis (EAE). The Lyz-
Cre:Hmox11/f mice developed more severe symptoms of EAE, what was correlated with

exacerbated autoimmune T-cell response against myelin [77].

The connection of altered HO-1 expression in monocyte/macrophage lineage and
autoimmune diseases are also supported by clinical observations. The CD14+* monocytes
from patients with autoimmunological systemic lupus erythematosus (SLE) have

decreased HO-1 expression both at mRNA and protein level [78].

The role of HO-1 in innate immunity is not limited solely to monocyte/macrophage
lineage. Studies performed by our group showed that lack of HO-1 disturbs also
granulocyte numbers. HO-1~/- mice have more granulocytes in peripheral blood, what is
connected with disordered maturation of granulocytes in the bone marrow. Myelocytes,
which are one of the steps in maturation of granulocytes in bone marrow, proliferate

faster in HO-17/- mice. Consistently, HO-1/- myelocytes have higher expression of
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C/EBPQ transcription factor, which drives the granulocyte differentiation (Bukowska-

Strakova et al.,, in preparation).

Apart from important function in regulation of innate immunity, HO-1 is also implicated
in regulation of adaptive immune response. First, the HO-1 affects the maturation of
dendritic cells (DC). HO-1 induction reduced the antigen presentation by DC and
inhibited their pro-inflammatory function [79]. On the other hand, HO-1 expression in
DC conserves IL-10 expression that is connected with anti-inflammatory DC phenotype
[80]. The mechanism of anti-inflammatory role of HO-1 in DC was linked with CO-

dependent reduction of TLR signaling [81].

As expected, the inhibition of DC maturation by HO-1 leads to reduced T-cell toxicity.
This was shown in a model of transgenic mice that have autoreactive CD8* T cells
against insulin [81]. Such CD8* T-cells induce diabetes after adoptive transfer only when
previously immunized with DC. However, when the DC were overexpressing HO-1, the
CD8* cells lost ability to induce diabetes [81]. This confirms crucial role of HO-1 in DC in

regulation of the adaptive immunity.

Finally, HO-1 was proposed to regulate the function of suppressive T regulatory cells
(Tregs). It was shown that CD4+ CD25* Tregs have constant expression of HO-1 [82]. The
pharmacological inhibition of HO-1 in Tregs diminished their suppressive function [83].
Nevertheless, the next studies raised doubts about HO-1 role in Tregs, as the Tregs
isolated from HO-17/- mice showed normal suppressive function [84]. It was proposed,
that it is HO-1 expression in DC that is required for Treg function, rather than intrinsic

HO-1 in Tregs [85].

2.2.4. Nuclear form of HO-1

Majority of the effects ascribed to HO-1 are thought to be mediated by its enzymatic
products. However, in 2002 the possibility of non-enzymatic function of HO-1 was
underlined. The HO-1 mutant protein (H25A), that cannot bind heme and catalyze its
degradation, was shown to protect cells against oxidative stress even better than the

enzymatically active form [86].
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The possible explanation of the non-enzymatic function of HO-1 came with discovery
that HO-1 can localize in the nucleus [87]. It turned out that cytoplasmic HO-1 that is
bound to the endoplasmic reticulum may be cut near the C-terminus and then is
translocated into nucleus [87]. Furthermore, nuclear HO-1 may regulate binding of NFkB
and SP-1 transcription factors as well as bind to the proteins involved in DNA repair

[87]. Such activity of nuclear HO-1 might explain the observed non-enzymatic function.

Although the role of HO-1 in the nucleus seems to be independent of catalytic heme
degradation, it cannot be excluded that HO-1 in nucleus sustains its enzymatic
capabilities. Such possibility is suggested as the truncated form of HO-1 still possesses
enzymatic activity [88]. But the question remains if HO-1 in the nucleus possesses an
electron donor required to catalyze heme degradation. The electron donor for HO-1
reaction in cytoplasm is cytochrome P450 reductase [88]. However, cytochrome P450
reductase is absent in the nucleus. Thus the possible enzymatic activity of HO-1 in

nucleus would be possible if the other electron donors can be used by nuclear HO-1.

2.2.5. HO-1 and tumor development

Increasing knowledge about importance of HO-1 in maintaining tissue homeostasis
triggered questions about potential role in tumor development and its implication in
tumor therapy. The first evidence indicating that HO-1 may be interesting in the context
of tumor development was based on high HO-1 expression in many types of tumors
(reviewed in [89]). In some cases, the HO-1 expression was induced by oncogenes such
us viral G protein-coupled receptor (vGPCR) [90] or BCR/ABL fusion kinase [91]. HO-1
expression in tumor further increased after chemotherapy [92], radiotherapy [93] or
photodynamic therapy [94], what might have important implications for tumor

treatment outcome.

Research on immune response against tumors in patients revealed that HO-1 may be
one of the crucial tumor antigens that is recognized by immune cells [95]. However, the
recognition of the HO-1 in cancer cells did not result in elimination of the tumor, but
governed the suppression of anti-tumor immunity [95]. While the accumulation of
suppressive Tregs in tumor microenvironment that abrogates the anti-tumor response
is well evidenced, the group of Andersen and colleagues isolated a novel population of
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CD8* Tregs from cancer patient, that have higher suppressive capabilities than classical
CD4+ fraction of Tregs [95]. Interestingly, suppressive CD8* Tregs specifically recognized
HO-1 in patients with three different types of tumors: melanoma, renal cell carcinoma
and breast cancer [95]. There were no such cells in healthy controls. This study indicates
that high HO-1 expression identified different types of tumor cells, what is crucial for

regulation of immune response against tumors.

Although HO-1 was recognized as an important part of tumor biology, further research
showed that the role of HO-1 in tumor development is highly complex (reviewed in
[96]). First, HO-1 may have different role at different stages of tumor development, e.g.
in initial carcinogenesis and subsequent tumor progression. Second, the role of HO-1 in
different types of tumors may be contradictory. Finally, the nuclear localization of HO-1
in tumors, as well as the HO-1 expression in tumor microenvironment, also have to be

considered.

2.2.6. HO-1 implications in carcinogenesis

The tumor transformation is a multistep process that initially requires accumulation of
several mutations [36]. It is well accepted that chronic inflammation triggers DNA
damage and additionally provides proliferative signaling environment, what all together
results in accelerated tumor transformation [36]. Given that HO-1 is induced by many
stress factors and exerts anti-inflammatory function, one may expect that HO-1 protects

against malignant transformation.

One evidence confirming this supposition came from observations of areca chewers.
Areca is a carcinogen that causes oxidative stress and genotoxicity what results in high
incidence of oral squamous cell carcinoma (OSCC) among people chewing areca [97].
The risk of most common type of OSCC caused by areca, buccal squamous cell carcinoma
(BSCC), is higher among subjects having more (GT) repeats in HO-1 promoter what is
linked with lower HO-1 expression, while shorter (GT) repeat allele, that is linked with
higher HO-1 expression, may protect from BSCC [97].

Several other studies also evidenced the association of the long (GT) repeats in proximal

HO-1 promoter and higher risk in lung adenocarcinoma, gastric adenocarcinoma, breast
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cancer and malignant mesothelioma (reviewed in [98]). However, few other analyses
stated the opposite relation in case of melanoma, gastric and pancreatic cancer

(reviewed in [98]).

Nevertheless, even if the correlation studies linked the lower HO-1 expression with
higher risk of different tumors, the prospective studies are needed to confirm that the
observed associations have a causative relation. Our group used a model of HO-1-/- mice
and a chemical carcinogen inducing SCC to verify this hypothesis [99]. The carcinogen-
induced lesions were detected earlier in HO-1~/- mice than in HO-1-/* and HO-1*/* mice.
The number of lesions in HO-1-/- mice was higher and connected with higher mortality
[99]. However, despite the faster tumor appearance in HO-1 deficient animals, the
tumors in HO-1-/- mice resembled benign papillomas, while tumors in HO-1*/* mice
where more dysplastic and invasive carcinomas [99]. This observation suggests that the
HO-1 may be protective against tumor transformation, but may facilitate the growth of

already established tumors.

2.2.7. HO-1 in tumor progression

Several experiments aimed to determine the function of high HO-1 expression in
established tumor cell lines. Given the known cytoprotective function of HO-1, the
primary question was if HO-1 governs tumor cell survival and resistance to apoptosis.
Indeed, genetic silencing of HO-1 in hormone refractive prostate cancer cell lines
reduced their viability [100]. Furthermore, HO-1 silencing decreased viability of chronic
myeloid leukemia cells and sensitized acute myeloid leukemia cells to TNF-induced cell
death [101]. Decreased HO-1 expression was also linked with higher apoptosis rate in

lung cancer cell line [102].

Consistently, HO-1 induction by heme in thyroid cell carcinoma increased resistance to
apoptosis by p38 MAPK- and ERK-mediated mechanism [103] and protected chronic
myeloid leukemia from BCR/ABL inhibitor-induced apoptosis [91]. Elevated HO-1
expression governed insensitivity to apoptotic stimuli of gastric cancer cell lines,
independently of the mutation among p53 gene [104]. Pharmacological induction of HO-
1 by CoPP decreased apoptosis of colon carcinoma cell line in serum deprivation
conditions by biliverdin/bilirubin connected mechanism [105]. Similarly, our group
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showed that melanoma cell lines overexpressing HO-1 displayed higher resistance to

H20:-triggered oxidative stress and cell death [106].

Apart from resisting the cell death, hallmarks of cancer comprise also sustained,
increased proliferation rate [36]. While the studies consistently suggested that HO-1
protects tumor cells from cell death, its role in proliferation is not clear. The lessons
from non-transformed tissues showing that HO-1 can oppositely regulate different types
of cells have also implications in tumor biology. Overexpression of HO-1 accelerated
proliferation of melanoma cells and silencing HO-1 by pharmacological or genetic means
resulted in decreased proliferation in case of pancreatic cancer, prostate carcinoma,
hepatocellular carcinoma, neoplastic mast cells and urothelial cancer cells (reviewed in
[89]). However, silencing HO-1 had also opposite effects, suggesting anti-proliferative
properties of HO-1 in lung adenocarcinoma cell line [107], breast cancer [108] and
prostate cancer cells [109]. This was further showed in non-small cell lung carcinoma
model, where overexpression of HO-1 blocked cell proliferation [110]. Altogether,
altering HO-1 expression in tumor cells suggested its role in protection from cell death,
while HO-1 function in regulation of proliferation is less consistent and depends on type

of tumor.

Finally, in vivo experiments verified how HO-1 affects the tumor growth. Most of the
studies showed that HO-1 facilitates tumor growth, as demonstrated in case of
hepatoma [111], sarcoma [90], lung cancer [112], melanoma [106] and some of the

prostate cancer cell lines ([100], reviewed in [89]).

However, there are also few experiments evidencing anti-tumoral effect of HO-1. Non-
small cell lung carcinoma cell line NCI-H292, overexpressing HO-1, formed smaller
heterotopic tumors than the control cell line [110]. This was linked with upregulation of
tumor suppressive microRNAs and downregulation of microRNAs facilitating the tumor
growth, with the microRNA-378 being the most downregulated and at least partly
responsible for the HO-1 antitumor effect [110].

The controversy exists also on how HO-1 influences the growth of prostate cancer cells.
While it was shown that silencing HO-1 reduced in vivo tumor growth of hormone
refractory prostate cancer cells (HRPCa) [100], other study evidenced that

overexpression of HO-1 in androgen resistant PC3 blocked tumor growth in vivo [109].
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To fully understand the complex role of HO-1 in tumor progression and potentially
translate this knowledge to clinical applications one may need to understand the
mechanism underlying the contradictory results. The explanation of HO-1-dependent
inhibition of NCI-H292 tumor growth may be connected with the regulation of tumor
angiogenesis. Although HO-1 is recognized as proangiogenic factor (described in
subchapter “HO-1 as regulator of angiogenesis”), the overexpression of HO-1 in NCI-
H292 resulted in downregulation of proangiogenic microRNAs: miR-17-92, miR-210 and
miR-378, and upregulation of antiangiogenic miR-424 [110]. Secondly, HO-1
overexpression reduces the inflammatory status of the tumors, what may lead to
diminished inflammation-driven tumor angiogenesis [110]. Altogether, this leads to less
pronounced vascularization and oxygenation in HO-1 overexpressing NCI-H292 tumors.
Nevertheless, it is important to underline that antiangiogenic effect of HO-1 seems to be
unique for NCI-H292, as in other tumor models: melanoma, hepatocellular carcinoma,

breast cancer and glioma HO-1 serves as proangiogenic factor (reviewed in [89]).

The inconsistent data on role of HO-1 in prostate cancer may be better understood in the
context of different subcellular localization of HO-1. Wegiel and colleagues evidenced
that nuclear localization of HO-1 in prostate cancer cells is correlated with worse
survival prognosis of patients [113]. Moreover, the prostate cancer cells, including the
PC3 cell line, also showed high nuclear localization of HO-1, what was linked with
diminished enzymatic heme degradation capability [113]. Pretreatment of PC3 cells
with carbon monoxide, the enzymatic product of HO-1, blocked tumor growth and
additionally sensitized them to doxorubicin, by mechanism dependent on metabolic
exhaustion of mitochondria [113]. This observation indicates that nuclear and
cytoplasmic HO-1 might have opposite roles in tumor development: nuclear form may
facilitate the tumor growth, while the cytoplasmic may reduce tumor growth by altering

the cell metabolism.

Indeed, there are observations confirming pro-tumoral effects of nuclear HO-1. Hsu et al.
showed that cytoplasmic HO-1, cut by signal peptide peptidase and then translocated to
nucleus, facilitated growth of A549 lung cancer and DU145 prostate cancer cell lines
[114]. Other reports also evidenced the correlation of nuclear HO-1 localization and

progression of prostate cancer [115], lung cancer [116] and HNSCC [117].
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2.2.8. HO-1 implication in resistance to treatment and cancer stem cells

HO-1 confers cytoprotection and apotosis resistance to cancer cells (described in “HO-1
in tumor progression” section). Given that HO-1 expression is induced by anti-cancer
treatments: chemotherapy, radiotherapy and phototherapy, it was postulated that HO-1

may be one of the factors responsible for insensitivity to anti-cancer therapies.

The in vitro results confirmed this hypothesis. Inhibition of HO-1 allowed to overcome
resistance of several different cancer cell lines to radiotherapy, chemotherapy and
photodynamic therapy (reviewed in [89]). Not only HO-1 may protect cancer cells from
classical therapies, but also may be implicated in resistance to novel tyrosine kinase
inhibitors. It was shown that nuclear HO-1 is responsible for resistance to imatinib in

chronic myeloid leukemia cells [118].

The in vivo experiments on pancreatic cancer also showed that inhibition of HO-1
potentiates the anti-tumoral efficacy of taxol [100]. Finally, the anti-tumoral effect of
HO-1 inhibition may be exceptionally effective in cancer cells harboring specific
mutations. This was shown in case of fumarate hydratase (FH), which is characteristic
for the renal cell cancer [119]. The FH is an enzyme involved in tricarboxylic acid cycle
(TCA) and its mutation blocks this crucial energetic process with simultaneous
reprograming metabolism of the cancer cells [119]. It turned out that inhibition of HO-1
in cells with FH mutation is lethal [119]. This means that cancer therapy based on HO-1

inhibitors may be exceptionally effective in FH-deficient cancers.

These promising results were consistent with clinical observations of nasopharyngeal
carcinoma patients. The patients with low HO-1 expression responded to the
radiotherapy, in contrast to almost 60% of patients with high HO-1 expressing tumors

who were insensitive to the therapy [93].

Data supporting role of HO-1 in facilitating tumor progression and resistance to
treatment trigger the attempts to design HO-1 inhibitors as potential anti-cancer drugs.
Initially, the efforts were focused on metalloporphyrins that inhibit enzymatic activity of
HO-1, such us zinc and tin protoporphyrin (ZnPP and SnPP, respectively), including their
pegylated and polymer-encapsulated forms (reviewed in [96]). However, their lack of

specificity and upregulation of HO-1 mRNA moved the research toward imidazole-based
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inhibitors (e.g. OB-24), but still the potential inhibitors are not ready to enter the clinical
phase [96].

While exploring the possibility of HO-1 as potential drug target, one should consider the
new discoveries in cancer biology indicating that the treatment resistance of cancers is
connected with cancer stem cells [120]. The concept of cancer stem cells implies that
there is a minor fraction of cancer cells, that show features typical for tissue stem cells:
ability to self-renewal and production of differentiated progeny [120]. It is postulated
that these cancer stem cells are the most resistant to treatment. Thus, even if the present
therapies kill vast majority of tumor cells, still few surviving cancer cells with stem cell
properties drive tumor relapse. Given that HO-1 confers the treatment resistance, it is
justified to postulate that it is HO-1 function in cancer stem cells that is crucial for

insensitivity for cancer therapy.

First evidence confirming this hypothesis was presented by Herrmann and colleagues
[121]. They isolated acute myeloid leukemia cells from patients and sorted the leukemic
cells with stem and progenitor phenotypes (CD34+CD38- and CD34+CD38* respectively)
[121]. The leukemia stem and progenitor cells had high expression of HO-1 and
pharmacological inhibition of HO-1 blocked their growth both in vitro and in vivo after
transplantation in immunocompromised mice. This confirmed that the HO-1 is an

important survival factor for leukemia initiating cells.

2.3. Immune cells influence on the tumor growth

The complex interplay between immune system and developing tumor is critical for the
growth and expansion of cancer cells [122]. It was evidenced that impaired function of
immune system leads to high risk of cancer occurrence. Several genetically modified
mouse strains that are immunocompromised have higher frequency of spontaneous and
carcinogen-induced tumors (reviewed in [123]). The clinical observations also
confirmed this observation. The organ recipients, who receive immunosuppression
treatment, are more prone to several types of cancers [124]. Higher incidence of various

types of cancer was also observed among patients with AIDS [125].
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These observations could be explained by current immunology. The immune system can
recognize not only self versus pathogen or self versus non-self, but also self versus
malignant-self [123]. Upon recognition of malignant cell, there are specialized cells:
natural killer cells, natural killer T cells as well as CD8* lymphocytes that show direct
cytotoxicity against tumor cells [122]. But the participation of immune cell should not be
understood only as recognition and killing of tumor cells - the interaction between
immune cells and tumor cells is more complex and different at various steps of tumor
development. Overall, current view is that immune response against tumor determines
its development, by selection of the particular clones of tumor cells [126]. This concept
is referred to as tumor immunoediting and it classifies the interactions of immune cells
and tumor into three distinct phases [126]. During the first elimination phase, the NK,
NKT and CD8* cells recognize and destroy the cancer cells, by means of different
mechanisms, e.g. perforins, TRAILs or ROS. These cells create a strong immune pressure
what, together with genetic instability of tumor cells, leads to next equilibrium phase
[126]. In this phase, there is a selection of the tumor clones with the low
immunogenicity, in a analogical way to Darwin selection theory. It is thought that this
phase lasts the longest and next acquired mutations result in tumor cells with lowest
immunogenicity, able to escape immune system [126]. This inevitably ends with the last
escape phase - fast growth of tumor cells that are not recognized by immune system

[126].

2.3.1. Immunosuppressive cell infiltrating tumors

The escape of tumor cells from immune system is not only the result of immunoediting
and selection of low-immunogenic tumor cells. The escape phase is also accelerated by
immunosuppressive cell populations that inhibit anti-tumor response [122]. This
contributes to escape phase and facilitates tumor development. The most studied
immunosuppressive populations implicated in tumor development include Tregs [127],
myeloid derived suppressive cells (MDSC) [128] and tumor associated macrophages

(TAM).

The presence of T cells, that have unique immunosuppressive function, was already

proposed in 80’s [127]. However, their identification remained problematic for years,
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until Tregs were defined in 1995 [129]. It was evidenced that T cells with CD4+*CD25*
phenotype protected the athymic nude mice against immune response from
transplanted CD25- T lymphocytes [129]. Finally, the Tregs were characterized by
expression of FOXP3 transcription factor [130].

Further research unambiguously showed that Tregs are indispensable for immune
tolerance. Conditional deletion of Foxp3 in mice led to autoimmune diseases [131].
Patients with IPEX (Immunodysregulation, Polyendocrinopathy, Enteropathy, X-linked)
syndrome, who have mutations in FOXP3 gene, developed severe autoimmune diseases

in early age [132].

The immunosuppressive capabilities of Tregs, that are crucial to sustain tissue
homeostasis, in the context of cancer may play a negative, protumorigenic role. There
are several evidences that cancer patients have increased numbers of Tregs in
peripheral blood, lymph nodes, as well as in tumor infiltrate [127]. After the surgical
resection of tumors the number of Tregs decreases, but the tumor reoccurrence is
correlated with rebound of Treg numbers [133]. Above observations move towards
considering Tregs as biomarker. Indeed, the increased number of Tregs often negatively
correlates with patient’s survival [133, 134]. The same was observed in case of ratio of

Tregs to T effector cells (Treg/Teff) [135].

The cells with immunosuppressive function were also identified among the myeloid
lineage and subsequently called myeloid-derived suppressor cells (MDSC) (reviewed in
[136]). MDSC is a heterogeneous cell population of myeloid precursors. In homeostatic
conditions myeloid progenitor cells differentiate toward granulocytes, monocytes and
dendritic cells in the bone marrow and only mature cells are released into circulation.
However, during pathological conditions, such as inflammation, malignancy or
autoimmunological diseases, the higher numbers of immature myeloid cells in

circulation are observed [136].

MDSC populations in mouse models are defined as cells expressing the general myeloid
markers, but without expression of markers typical for mature myeloid cells [136]. It
was shown that MDSC population could be divided in two phenotypically distinct

fractions. One shows granulocyte characteristics (expression of Ly6G) while the second
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resembles monocytes (expression of Ly6C) [136, 137]. Several more markers allow to

distinguish these subpopulations (Table 1).

| Marker | Functon | GMDSC__|_M-MDSC

CCR2 Receptor for CCL2 (MCP-1)

CXCR4 Receptor for CXCL12 (SDF-1) + +
CXCR2 Receptor for CXCL1 (KC), CXCL2 (MIP-2) and + +
CXCL5 (LIX)
CD11b Integrin alpha M (adhesion) + +
CD11c Integrin, alpha X (adhesion) Subset Subset
M-CSFR  Receptor for M-CSF Subset +
F4/80 Adhesion - +
Grl Composite epitope between the Ly6C and Ly6G Bright Low
Ly6C Not clear Low +
Ly6G Not clear + -
MHC I Antigen presentation + +
MHCII  Antigen presentation Some models  Some models
Sca-1 Adhesion Subset Subset
Tie-2 Angiopoietin receptor - -
VEGFR1 Receptor for VEGF + +
VEGFR2 Receptor for VEGF + +

Table 1. Mouse MDSC subpopulations characteristics (adapted from [137]).

Independently of the heterogeneity, the common feature of MDSC is their biological
activity: ability to inhibit adoptive T cell response [136]. Recently, it was evidenced that

MDSC may also regulate the innate immunity [138].

Expansion of MDSC in cancer is regulated by factors secreted by tumor cells [139].
Cancer cells produce several factors, which stimulate myelopoiesis, but simultaneously
inhibit maturation of myeloid cells. As the result, the number of immature myeloid cells
in bone marrow, spleen and tumor is increased. Till now, expansion of MDSC was shown

to be driven by IL-6, G-CSF, M-CSF, VEGF and MCP-1 [139].

The numbers of MDSC were also proposed to be used as clinical biomarker in cancer
therapy. The melanoma patients had more MDSC in peripheral circulation, but the

resection of tumor or treatment with the anti-CTLA-4 antibody ipilimumab did not alter
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their numbers [140]. Although the MDSC numbers were not affected during the
treatment, their initial number was correlated with effectiveness of ipilimumab
administration: the lower MDSC numbers selected patients who better responded to

ipilimumab [140].

Macrophages are other myeloid populations that possess immunoregulatory functions.
Macrophages are one of the most abundant cell populations in tumor microenvironment
and this distinct cell subset is referred to as TAM (reviewed in [141]). Although TAM can
be both pro-tumorigenic and anti-tumorigenic, it is thought that their accelerating tumor
growth activity prevails [141]. TAM are mainly derived from the generated in BM
circulating pool of Ly6C* monocytes, rather than from tissue-resident macrophages
originating from yolk-sac progenitors [142, 143]. The main factor that recruits Ly6C*
monocytes to the tumor niche is M-CSF. Deletion of M-CSF in several tumor models
resulted in lower TAM numbers and inhibition of tumor development (reviewed in
[141]). Consistently, patients with higher M-CSF levels had worse survival prognosis
[144]. The special attention is put to Tie-2 expressing fraction of TAM. Tie2* TAM are
found adjacent to tumor vessels and allow spreading of tumor cells [145]. Genetic
ablation of this population inhibits tumor growth, mainly by affecting tumor

vascularization [146].

Within the tumor niche macrophages can play both immunosuppressive and
immunostimulatory function. The immunoregulatory role is based on inhibition of T, NK
and NKT cell cytotoxicity, triggering their apoptosis, as well as recruiting the Tregs
[141]. Therefore, the crucial question is what are the factors that drive the
immunosuppressive differentiation of TAM against their immunostimulatory fate.
Till now, IL-4 was recognized to be involved in promotion of suppressive character of
TAM [147]. However, the role of tumor niche is highly complex and some factors, such as
GM-CSF (granulocyte-macrophage colony-stimulating factor) may play both
immunosuppressive and immunostimulatory role depending on the niche context [148,
149]. Nevertheless, regulation of TAM differentiation to shift them into anti-tumorigenic

state remains novel, promising anti-cancer strategy [141].

Finally, it is worth mentioning that both discussed myeloid populations, namely MDSC
and TAM, apart from their immune modulatory role, may also promote tumor

angiogenesis and therefore further facilitate tumor growth [128, 146].
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2.3.2. Role of HO-1 in tumor immunosuppression

HO-1 is recognized as enzyme with immunosuppressive activity. The best characterized
immunosuppressive role of HO-1 has been described in transplantation studies [70].
MDSC showed high HO-1 expression, but when HO-1 activity was pharmacologically
inhibited, MDSC decreased expression of IL-10 and lost their immunoregulatory

abilities, what led to transplant rejection [76].

Therefore, given that HO-1 is important in MDSC biology, it is justified to suppose that
HO-1 affects tumor growth in MDSC-dependent mechanism. Indeed, the mouse chimeras
that received bone marrow transplantation from HO-1*/- donors had less lung
metastasis. This was linked with lower number of myeloid cells in premetastatic niche.
However, authors showed the role of general population of CD11b* myeloid cells, and
they did not distinguish if the crucial role could be ascribed to MDSC or TAM or both of

these populations.

The evidence that HO-1 may be responsible for immunosuppressive function of TAM
was presented by Arnold and colleagues [150]. They identified minor subpopulation of
CCR2*F4/80MCD206* TAM that express fibroblast activation protein o (FAP) which was
crucial to govern the immune privilege of tumor [150]. FAP* TAM population was the
main source of the tumoral HO-1, and the specific deletion of FAP* population using
diphtheria toxin receptor system restored the anti-tumor response [150]. Importantly,
pharmacological inhibition of HO-1showed similar results as the depletion of FAP+ TAM
[150]. Thus it is likely that HO-1 activity in FAP* TAM is a crucial factor that maintains

immunosuppression of the tumor niche.

2.4. Mobilization of bone marrow cells to peripheral blood

As discussed above tumor occurrence is linked with a higher number of circulating
hematopoietic cells. The pool of circulating cells induced by tumor includes those that
are absent during physiological conditions. Therefore, much attention was placed on

study how these cells translocate from the bone marrow to the peripheral circulation.
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2.4.1. Cellular mechanism of mobilization

In steady-state conditions, mature blood cells are released from the bone marrow to the
blood to sustain hematological homeostasis [151] (Fig. 4). The process of new blood
cells' production and their release from bone marrow is tightly regulated. The bone
marrow provides a barrier to limit egress of immature cells to peripheral blood and
allows circulation of only small numbers of hematopoietic stem cells [151].
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Fig. 4. Scheme of hematopoiesis.

In response to stress stimuli, such as inflammation or neutropenia, as well as in
pathological conditions, such as developing tumor, hematopoiesis is accelerated and
more cells are released from the bone marrow to the circulation [151] in a process of

mobilization [152]. In contrast to steady state conditions, the pool of emergency
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mobilized cells includes the increased number of stem and immature hematopoietic

cells [153].

Mechanism of mobilization is complex and involves activity of several bone marrow cell
populations and cytokine pathways [152, 153]. Upon emergency or pharmacologically-
induced mobilization, the BM environment undergoes rapid changes. Concentration of
proteolytic enzymes such as cathepsin and elastase increases. Enhanced proteolytic
activity leads to cleavage of adhesive molecules that keeps cells in the bone marrow
niche [153]. Other components of BM niche: endothelium, macrophages, osteoblasts and
sympathetic nerves, all play a crucial role in mobilization. Endothelium barrier becomes
more permeable, allowing cells to enter the circulation. Macrophages and osteoblasts
activity regulate bone remodeling [153]. Finally, the sympathetic nerves control activity

of other cells in BM niche and orchestrate cell egress [154].

2.4.2. Molecular factors regulating mobilization and their application in clinic

Several cytokines regulate mobilization of bone marrow cells. G-CSF is one of the best
characterized mobilizing factor [152]. G-CSF acts on the bone marrow myeloid
progenitors and drive their proliferation as well as differentiation toward granulocytic
lineage [155]. Studies on G-CSF-deficient mice showed that G-CSF is crucial both for
basal conditions and emergency granulopoiesis [156-158]. The G-CSF receptor (G-
CSFR) involves Janus kinase (Jak) and signal transducers and activators of transcription
(STATSs) signaling [159]. Although G-CSF administration mobilizes both stem cells and
granulocytes, the mobilization of stem cells by G-CSF is independent of G-CSFR as shown
in G-CSFR-deficient mice [160]. This suggests some indirect mechanism(s) and

involvement of other than G-CSF regulatory factors [161].

Apart from G-CSF and SDF-1a, many other agents, such as SCF (stem cell factor), VEGF,
IL-3, IL-6, GM-CSF and M-CSF, can act as mobilizing factors [152]. However, their in vivo

importance, mutual interactions and mechanism of action are still not fully understood.

Current progress in basic science concerning mobilization has been already successfully
translated into clinical practice [162]. Pharmacological mobilization is of outstanding

importance to treat neutropenia, that is often a serious side effect of anti-tumor
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therapies such as chemotherapy or radiotherapy. Moreover, treating many
hematological malignancies involve bone marrow transplantation (BMT) [163]. The
success of bone marrow transplantation depends on collection of enough numbers of
HSC [164]. Nowadays, the source of transplantable HSC is not necessarily bone marrow
itself, but often collected peripheral blood after mobilization of HSC into circulation

[162].

The recombinant G-CSF (filgrastim) is used to treat different forms of neutropenia and
to mobilize HSC to peripheral blood for subsequent HSC collection by leukapheresis and
transplantation [162]. Other clinically approved drug to mobilize HSC is AMD3100
(plerixafor), that blocks CXCR4 signaling [165].

Despite improvement in treating neutropenia and BM transplantation, in some patients
application of these drugs is inefficient. Among healthy donors G-CSF mobilization fails
in 5%-30%, but in high-risk patients the failure rate reaches even up to 60% [162].
Moreover, production of the recombinant protein is expensive. Therefore, new agents
which can induce endogenous G-CSF or provide additional activities are currently
investigated for treatment of neutropenia [166]. Better understanding of mechanism
underlying the mobilization will help to improve current clinical strategies as well as

will contribute to develop new, more efficient mobilizing methods [162].
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3. AIM OF THE STUDY

The role of HO-1 in carcinogenesis is still unclear and depends on cancer type. Moreover,
different cancer treatments, such as chemo- and radiotherapy, upregulate HO-1
expression. On the other hand, HO-1 is important in the modulation of the immune
response, which is now recognized as one of the most important factors in cancer

development.

The main aim of our study was to investigate the role of HO-1 in the development and
progression of squamous cell carcinoma in two different models. Using chemical
carcinogenesis model in mice with different HO-1 expression level we tried to verify the
1st hypothesis, that HO-1 protects against chemical oral carcinogenesis. We
specifically concentrated on evaluating if HO-1 deficient mice will be more susceptible

and HO-1-overexpressing mice - protected from 4NQO-induced carcinogenesis.

Next, using a model of subcutaneous injection of HO-1-overexpressing cells into
syngeneic mice we aimed to verify the 2nd hypothesis, that HO-1 overexpression in
cancer cells facilitates tumor growth, angiogenesis and infiltration with
suppressive leukocyte populations. Moreover we aimed to investigated the systemic
effects of HO-1 overexpression in the tumor on leukocyte populations and cytokine

concentrations in blood.

During one of the experiments aiming to investigate the effect of pharmacological
induction of HO-1 on leukocyte infiltration, we observed unexpectedly that HO-1
inducer, CoPP, increases leukocyte counts and G-CSF concentration in the blood. That
led to the additional 3rd hypothesis, that CoPP induces the mobilization of cells from
the bone marrow to the blood. We aimed to verify if CoPP-mobilized granulocytes and

HSPC are functional and if effects of CoPP treatment are dependent on HO-1 activity.
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4. MATERIALS AND METHODS

4.1. Cell lines

Murine squamous cell carcinoma cell line SCC VII was kindly provided by prof. Lukas
Mach, Department of Applied Genetics and Cell Biology, University of Natural Resources
and Applied Life Sciences, Vienna, Austria. SCC VII and Phoenix-Eco cells were cultured
in Dulbecco Modified Eagle's Medium with 4.5 g/l glucose (DMEM HG, Lonza) with 10%
fetal bovine serum (FBS, Lonza), penicillin and streptomycin (100 U/ml and 100 pg/ml,

respectively, Sigma).

MBrMEC (FVB), MLuMEC (FVB), MLuMEC (FVB), MPLNHEC (FVB), MSpIMEC (FVB)
murine endothelial cells were kindly provided by prof. Claudine Kieda, Centre for
Molecular Biophysics, Department of Cell Recognition and Glycobiology, Orleans, France.
Endothelial cells were cultured in OptiMEM (Gibco), 2% FBS (Lonza), penicillin and
streptomycin (100 U/ml and 100 pg/ml, respectively, Sigma). All cell cultures were
performed in 37°C, 5% CO2 and passaged with trypsin with EDTA (Gibco).

4.1.1. Retroviral transduction

Retroviral vectors (RVs) were produced using Phoenix-Eco packaging cells. SCC VII cells
were transduced with RVs, generated using pMSCV-Luc plasmid. MSCV Luciferase PGK-
hygro, a gift from Dr. Scott Lowe (Addgene plasmid #18782) was provided by prof.
Claudine Kieda. SCC VII-Luc cells with stable expression of transgene were selected
using hygromycin (0.5 mg/ml, Invitrogen). Next, SCC VII-Luc cells were transduced with
RVs, generated using pBABE-puro-HO-1 plasmid and selected with puromycin (5 pg/ml,
Sigma-Aldrich). pBABE-puro-HO-1 plasmid was constructed from pBABE-puro [167]
and pdAAV-CMV-HO-1 plasmids. pBABE-puro was a gift from Drs. Hartmut Land, Jay
Morgenstern & Bob Weinberg (Addgene plasmid # 1764).

4.1.2. Proliferation
SCC VII cells were seeded in 24-well plates (50 000 cells/well). After 48 hours the cells
were detached with trypsin and counted using a Burker chamber or Muse Cell Analyzer

(Millipore).
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4.1.3. Migration/invasion assay

SCC VII cells were stained with PKH26 (Sigma) according to the manufacturer’s protocol
and seeded in the apical chambers of rehydrated 24-well plates BD BioCoat Tumor
Invasion System (BD) with FBS as a chemoattractant (Fig. 5).

Migration Invasion
ST Mgaon | imasion
Cells to seed 50 000/well 50 000/well
Apical chamber 500 pl medium 0% FBS 500u I medium 0% FBS
Basal chamber 1400 pl medium 10% FBS 750 pl medium 10% FBS

Apical
chamber

. . Mean RFU of cells invaded through Matrigel — coated membrane x 100
Basal Matrigel % invasion = -
chamber 8 Mean RFU of cells migrated through uncoated BD FluoroBlock

Fig. 5. Migration/invasion assay settings.

The plates were incubated for 16 hours and the fluorescence (excitation 551 nm,
emission 567 nm) from cells which migrated through the porous membrane was

measured using Infinite 200 PRO microplate reader (Tecan).

4.1.4. Adhesion assay

Murine endothelial cells were seeded in 24-well plates and allowed to grow for 48 hours
until the confluence reached around 80%. SCC VII cells were detached with EDTA,
stained with PKH26 (Sigma) according to the manufacturer’s protocol and added to the
endothelial cells at the 5:1 ratio. After 20 minutes incubation at 37°C all cells were

trypsinized and percentage of PKH26+ cells was analyzed by flow cytometry.

4.2. Mice
Animals were handled in a strict accordance with good animal practice as defined by the
relevant national and local animal welfare bodies. All animal work was approved by the

Local Ethical Committee for Animal Research at the Jagiellonian University (approval

numbers: 106/2007,180/2014, 8/2015 and 28/2015).

Breeding heterozygote pairs of C57BL/6xFVB HO-1/- mice were initially provided by Dr.
Anupam Agarwal, University of Alabama, Birmingham, USA. Nrf2-deficient C57BL/6
mice (Nrf2-/-) were generated by Itoh et al. as described previously [168] and kindly
provided by prof. Antonio Cuadrado (Universidad Autonoma de Madrid, Spain) together
with control, Nrf2++mice. HO-1 transgenic mice overexpressing human HO-1 under

keratin 14 promoter [58] were created in the cooperation with dr. Yann Herault at
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Centre for Transgenic Animals, CNRS, Orleans, France. Transgene expression was
confirmed at mRNA and protein level [58]. C3H mice were purchased from Charles River
and Harlan Laboratories. C57BL/6-Tg(UBC-GFP)30Scha/] were bought from the Jackson

Laboratories.

Chemical carcinogenesis experiment and CoPP mobilization experiment on HO-1-/- mice
were performed in conventional animal facility. All other experiments were performed

in specific pathogen free (SPF) conditions.

4.3. Chemical carcinogenesis

One-month old C57BL/6 and C57BL/6XFVB female mice were treated with 4NQO (50
mg/], Sigma-Aldrich), dissolved in drinking water, for 18 weeks or until we noticed
severe weight loss. Control mice received only water. Mice were euthanized by
overdosage of xylazine and ketamine. Blood was collected from the vena cava and after
clot formation centrifuged for 10 minutes at 1000 g. Serum was collected and frozen at -
80°C for further analysis. Gastrointestinal tract and other major organs were examined
for macroscopically visible lesions. Tongues were cut in half, part for RNA isolation was
frozen at -80°C and part for histological analysis fixed in 10% neutral buffered formalin

for 24 h.

4.3.1. Tissue processing

Tongue samples fixed in formalin were subsequently passed through increasing ethanol
concentrations (70% - 1 h, 90% - 1 h, 99% - 3 h, POCH) and xylene (2 x 30 minutes,
POCH). Finally, the samples were soaked and embedded in paraffin (Thermo Fisher).

4.4. Subcutaneous tumor injection

For implantation of tumor cells mice were anesthetized with intraperitoneal (i.p)
injection of Avertin aqueous solution (0.25 mg/g of body weight; Sigma-Aldrich) and
shaved. SCC VII-Luc and SCC VII-Luc-HO-1 cells were injected subcutaneously into
syngeneic C3H mice. 1x10° of cells were injected with 250 pl of Matrigel. Two plugs with
the same cell line were injected per mouse and three independent experiments were
done. 5-, 7- and 2-month old female C3H mice were used for 1 month, 14 days and 5

days long experiments, respectively.
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In 5-day long experiment, some mice were additionally injected with tin protoporphyrin
(SnPP) and cobalt protoporphyrin (CoPP) on 1 day before cell injection, then 1 and 3
days after cell injection. CoPP and SnPP (Frontier Scientific) were dissolved in DMSO
(Sigma-Aldrich) to achieve the concentration of 0.2 g/ml. The stock solutions were
diluted 160x in NaCl. Mice were injected i.p. at the dose of 10 mg/kg (15 pmol/kg).
Control mice received DMSO diluted 160x in NaCl.

4.4.1. Invivo luciferase measurement

Mice were injected with 200 pl of luciferin (15 mg/ml, Promega) 20 minutes before
measurement. After 15 minutes mice were anesthetized with isoflurane (Baxter) and
depilated using Veet hair removal cream. Measurements were done using IVIS Lumina
(PerkinElmer). Exposure time for bioluminescence measurements was 60 seconds with

medium binning mode. Results were calculated from the total photon counts.

4.4.2. Tumor size measurement

Tumor dimensions were measured using caliper. Tumor volume was measured using

b . . . . . . .
formula:V =a X b x > where a is a bigger dimension and b is a smaller dimension.

4.4.3. Sample collection

After 5, 14 or 32 days of experiment the mice were sacrificed, then tumors were
dissected and divided into two parts. One part was fixed in 10% neutral buffered
formalin for histological analysis. Second part was prepared for flow cytometry analysis.
The tumors were fragmented with scalpel blade and digested in 0.5 ml of enzyme mix
(37°C, 1 h) consisted of liberase TM 3 U/ml (Roche), hyaluronidase 25 pg/ml (Sigma-
Aldrich), DNAse 25 pg/ml (Roche) and dispase 3 U/ml (Sigma-Aldrich). After 1 hour, the
reaction was stopped with 0.5 ml of FBS and samples were placed on ice. Cell suspension

was filtered through 70 pm strainer (BD Bioscience).

4.4.4. Tissue fixation
Tumor samples were fixed in Shandon Excelsior ES tissue processor (Thermo Scientific)

using the following protocol:
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REAGENT TEMP TIME Drain Vacum SUPPLIER
1 [10% buffered formalin RT 24 h 60 OFF  |Made form POCH reagents
2 |H20 RT 10 min 60 OFF
3 |Ottix Shaper 30°C/RT 30 min 60 OFF |DiaPath
4 |Ottix Plus 30°C 1h 30 ON  |DiaPath
5 |Ottix Plus 30°C 1h 30 ON DiaPath
6 |Ottix Plus 30°C 3h 120 ON  |DiaPath
7 |Wax 62°C 1 h 30 min 120 ON Thermo Scientific
8 |Wax 62°C 1 h 30 min 120 ON Thermo Scientific
9 |Wax 62°C overnight 120 ON Thermo Scientific

Table 2. Tissue fixation protocol.

Next, the specimens were embedded in paraffin using HistoStar embedding workstation

(Thermo Scientific).

4.5. Histological analysis
Paraffin blocks were cut with a HM 355S rotary microtome (Thermo Scientific) into 4
um sections, placed on poly-L-lysine (Sigma)-coated microscope slides and left to dry

overnight.

4.5.1. Hematoxyllin and eosin staining
Slides were stained in automatic slide stainer Varistain Gemini ES (Thermo Scientific),

using the following protocol:

REAGENT TIME SUPPLIER

1 |Heater station 15 min

2 |Ottix Plus 7 min |DiaPath

3 |Ottix Plus 7 min |DiaPath

4 |Ottix Shaper 7 min |DiaPath

5 |dH20 5 min

6 |Haematoxylin 45 min |Sigma-Aldrich
7  |Running water 15 min

8 |Ottix shaper 1 min

9 |Alcoholic eosin 15sec |Sigma-Aldrich
10 |Ottix Shaper 30 sec |DiaPath

11 |Ottix Shaper 30 sec |DiaPath

12 |Ottix Plus 5min |DiaPath

13 |Ottix Plus 5min |DiaPath

Table 3. Hematoxyllin and eosin staining protocol.
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After staining the slides were covered with histofluid (Marienfeld-Superior) and cover

glasses. Pictures were taken using Eclipse Ti microscope (Nikon) and NIS-Elements

software.

The analysis of histological changes in the tongues of 4NQO-treated mice was done by

Linh Nguyen Tuyet and became the subject of her master thesis Heme oxygenase-1

increases angiogenic potential of murine squamous carcinoma cells but does not affect

induction of carcinogenesis [169].

4.5.2. Mason’s trichrome staining

Slides were stained in automatic slide stainer Varistain Gemini ES (Thermo Scientific),

using the following protocol:

REAGENT TIME SUPPLIER

1 |Heater station 15 min
2 |Ottix Plus 5min (DiaPath
3 |Ottix Plus 5min (DiaPath
4  |Ottix Shaper 2min |DiaPath
5 |Ottix Shaper 2min |DiaPath
6 |dH20 wash
7  |Bouin’s Solution overnight |Sigma-Aldrich
8 |Running water 10 min
9 |Haematoxylin 5min |Sigma-Aldrich
10 |Running water 5 min
11 |dH20 30 sec
12 |Biebrich Scarlet-Acid Fucshin 5sec |Sigma-Aldrich
13 |dH20 30 sec
14 Phosphotungstic/Phosphomolybdic £ sec

Acid Solution Sigma-Aldrich
15 |Aniline Blue Solution, 5min |Sigma-Aldrich
16 |Acetic acid 2min |[POCH
17 |Ottix Shaper 30 sec |DiaPath
18 |Ottix Shaper 30 sec |DiaPath
19 |Ottix Plus 5min (DiaPath
20 |Ottix Plus 5min (DiaPath

Table 4. Trichrome staiing protocol.

After staining the slides were covered with histofluid (Marienfeld-Superior) and cover

glasses. Pictures taken using Eclipse Ti microscope (Nikon) and NIS-Elements software.
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4.6. RNAisolation and real time-PCR

RNA was isolated using modified Chomczynski method. Briefly, tissue samples were
lysed using Qiagen Tissue Lyser and QIAzol reagent (Quiagen). Cell cultures were lysed
using Fenozol (A&A Biotechnology). RNA was extracted with chloroform (POCH) and
precipitated with isopropanol (POCH) at -20°C overnight. RNA concentration was
measured using NanoDrop 1000 spectrophotometer (Thermo Fisher). Reverse
transcription of RNA samples from cell culture was performed using M-MuLV Reverse
Transcriptase (Finnzymes), dNTP (Promega) and oligo(dT) primers (oligo.pl).
Quantitative real-time PCR (qPCR) was performed using SYBR® Green JumpStart™ Taq
ReadyMix™ (Sigma-Aldrich). For RNA isolated from tissue samples, reverse
transcription and qPCR reaction were prepared using NCode™ VILO™ miRNA cDNA
Synthesis Kit (Life Technlogies). qPCR was performed on StepOne Plus thermocycler
(Applied Biosystems) and analyzed using StepOne software.

Following primers were used for qPCR reaction:

NCBI Product Anealin
Gene Reference Forward (5'-3") Reverse (5'-3") lenght 8
temp [°C]
Sequence [nt]
Homo sapiens eukaryotic
translation elongation factor 2| NM_001961.3 | GCGGTCAGCACACTGGCATA GACATCACCAAGGGTGTGCAG 218 60
(EEF2)
Mus musculus heme NM_010442.2 | CCTCACTGGCAGGAAATCATC | CCTCGTGGAGACGCTTTACATA 67 60
oxygenase 1 (Hmox1)
Homo sapiens heme NM_002133.2 | GGAGCTGCTGACCCATGACACC | GCCACCAGAAAGCTGAGTGTAAGG | 183 60
oxygenase 1 (HMOX1)
Mus musculus superoxide |\ 11434 1| ATGACTTGGGCAAAGGTGGA ACTGCGCAATCCCAATCACT 90 60
dismutase 1, soluble (Sod1)
Mus mus&‘rl?; )kera““ 4 | NM_008475.2 | GAGCAATGACAAAGGTCGCCTAC | TGCAGCTGTACGCTTGTTGATCT 106 60
Mus muS(CI?rl‘t’; )kera““ > |NM.0270112 | GCCACCTACAGGAAGCTGCTGG | CTCCTCCGTAGCCAGAAGAGACAC | 112 60
Mus mus(clzlrl‘t*;)kera““ 8  INM.031170.2 | GCATTCATACGAAGACCACCAGC | CTCATTCCGTAGCTGAAGCCAG 91 60
Mus mus(c;l‘gi‘;ra““ 14 | NM_016958.1 | CTCCTCTGGCTCTCAGTCATCCA | AGACCACCTTGCCATCGTGC 92 60

Table 5. Primers used for qPCR reaction.

4.7. Protein isolation

For protein isolation cells were scratched in ice-cold PBS (Lonza), centrifuged (8000 g,
5 minutes, 4°C) and incubated in lysis buffer containing PBS (Lonza), 1% Triton (Sigma-
Aldrich) for 30 minutes on ice. Protein concentration was determined with BCA assay or

samples were frozen at -20°C for further analysis.
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4.7.1. BCA assay

Protein samples isolated from cell or tissue lysates were incubated with copper sulfate
(Sigma) and bicinchonic acid (Sigma) solution (1:50). BSA standards were prepared in
proper buffer (reporter lysis buffer, Promega) or lysis buffer for protein isolation. After
15-30 minute incubation at 37°C the absorbance was measured at wave length of 562

nm using Infinite 200 PRO microplate reader (Tecan).

4.7.2. Western blotting

Protein electrophoresis was done using ready-to-use gels (Bio-Rad). 30 pg of protein
sample was loaded in the wells. Electrophoresis was done using Bio-Rad Electrophoresis
Chambers, 90 V - 15 minutes and 180 V - 1 h. Protein transfer was done using iBlot Dry
Blotting System (Thermo Scientific, 20V, 7 min). Membranes were blocked with 5% milk
in PBS, 0.05% Tween. Incubation with primary antibodies (rabbit HO-1 polyclonal
antibody, #ADI-SPA-894, Enzo Life Sciences, 1:500; Anti-a-Tubulin Mouse mAb (DM1A),
#CP06, Calbiochem, 1:1000) was done at 4°C, overnight, and with the secondary
antibodies (Anti-rabbit IgG, HRP-linked Antibody, #7074, Cell Signaling Technology,
1:5000; HRP Goat Anti-Mouse Ig, #554002, BD Pharmingen; 1:1000) for 2 hours, in
room temperature. Signal detection was performed with chemiluminescent substrate

reagents SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher).

4.7.3. Luciferase assay

Luciferase activity in cell and tissue lysates was measured using Luciferase Assay
Systems (Promega) according to the manufacturer’s protocol. Luminescence was
measured in the 96-well OptiPlate (PerkinElmer) using Infinite 200 PRO microplate

reader (Tecan).

4.8. Mobilization experiments

Mice were injected with CoPP (10 mg/kg of body weight, Frontier Scientific) prepared as
described above or DMSO (Sigma-Aldrich) diluted 160x in NaCl. Recombinant human G-CSF
(rhG-CSF, Amgen) was used at the dose of 250 pg/kg of body weight. Compounds were
injected i.p. every day for 5 days (except for the experiment with HO-1-/- mice, when animals
were injected 3 times, every second day). 6 hours after the last injection mice were

euthanized by overdosage of xylazine and ketamine.
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4.9. Cytokine concentration analysis

Luminex assays (MILLIPLEX MAP Mouse Cytokine/Chemokine Premixed 32 Plex, Mouse
Cytokine/Chemokine Magnetic Bead Premixed 32 Plex and the custom assay panel,
Millipore) were performed according to manufacturer’s instructions. The samples were
diluted 1:1 in Assay Buffer and incubated with Premixed Beads overnight at 4°C. Signal
detection was done using FLEXMAP 3D system (Millipore).

4.10. Heme oxygenase activity measurement

Liver tissue fragments were frozen at -80°C immediately after dissection. HO activity
(CO produced within 20 minutes after adding the reaction substrate NADPH) was
measured using gas chromatography by Dr. Lucie Muchova (Institute of Clinical
Biochemistry and Laboratory Diagnostics, Charles University, Prague, Czech Republic) in

a blinded manner.

4.11. Complete blood count
Blood was collected into EDTA-coated test tubes. Complete blood count was done using

Vet abc Plus+ hematology analyzer.

4.12. Bone marrow isolation
Bone marrow cells were isolated by cutting the ends of tibias and femurs and flushing
the bone marrow cavity with PBS without calcium and magnesium ions (Lonza) with 2%

FBS (Lonza).

4.13. Mobilized blood transplantation

2-3-month old female C57BL/6 recipient mice were irradiated with 137Cs y source at
110 cGy/min (2 x 4.5 Gy at 4 hour intervals) 24 hours before the transplantation at
University Children’s Hospital of Krakow with help of Dr. Jacek Kijowski.

2-3-month old female C57BL/6-Tg(UBC-GFP)30Scha/] donor mice were treated for 5
consecutive days with CoPP (Frontier Scientific), rhG-CSF (Amgen) or NaCl as described
above. 6 hours after the last injection mice were euthanized by overdosage of xylazine and
ketamine and blood was collected from the vena cava. Peripheral blood mononuclear
cells (PBMC) were isolated using Ficoll-Paque PLUS (GE Healthcare) according to

manufacturer’s instructions and washed three times with PBS (Lonza). Bone marrow
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was isolated from one C57BL/6] mouse as described above. Isolated viable PBMC and

BM-derived cells were counted using Muse Cell Analyzer (Millipore).

5x10¢ of GFP* PBMC with 1x105 GFP- BM-derived competitor cells were injected into the
tail vein of lethally irradiated C57BL/6] mice. The peripheral blood chimerism was
evaluated by submandibular bleeding from the mouse cheek and analyzed in B cells, T

cells and granulocytes as shown in Fig. 9.

4.14. Flow cytometry

Peripheral blood was collected from the vena cava or from the submandibular vein into
the heparin coated syringes. Spleens were dispersed using 70 um cell strainer (BD).
Bone marrow and cells from tumors were isolated as described above. The cell
suspensions were filtered with 70 um cell strainer, depleted of erythrocytes by use of a
hypotonic solution, centrifuged (600g, 10 minutes, 4°C), resuspended in PBS (Lonza)

with 2% FBS, and stained for 20 minutes on ice.

Samples were collected using LSR II and LSRFortessa flow cytometers (BD) and
analyzed using BD FACSDiva and Flow]o software. Gating strategies are shown below

(Fig. 6-Fig. 9):
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4.14.1. Reagents for flow cytometry

Following antibodies and dyes for flow cytometry were used:

Antigen Dye Clone Company
CD3e PE-Cy7 145-2C11 BD Biosciences
CD3e APC 17A2 BD Biosciences
CD4 PE-CF594 RM4-5 BD Biosciences
CD8a APC-H7 53-6.7 BD Biosciences
CD8a APC-Cy7 53-6.7 BD Biosciences
CD11b PE M1/70 BD Biosciences
CD11b V450 M1/70 BD Biosciences
CD11b PE-CF594 M1/70 BD Biosciences
CD11c AlexaFluor700 |[N418 eBioscience
CD14 APC-Cy7 Sal4-2 Biolegend
CD25 PE PC61 BD Biosciences
CD34 AlexaFluor700 |RAM34 BD Biosciences
CD34 FITC RAM 34 BD Biosciences
CD43 FITC S7 BD Biosciences
CD43 PE S7 BD Biosciences
CD45 Pacific Orange |30F-10 Invitrogen
CD45 FITC 30F-11 BD Biosciences
CD45 APC 30F-11 BD Biosciences
CD45 APC-Cy7 30F-11 BD Biosciences
CD48 PerCP-Cy5.5 HM-48-1 Biolegend
CD150 APC TC15-12F12.2 Biolegend
c-Kit APC-eFluor780 |2B8 eBioscience
F4/80 APC BM8 eBioscience
Gr-1 PE-Cy7 RB6-8C5 BD Bioscience
Ly6C PerCP-Cy5.5 HK1.4 eBioscience
Ly6C PerCP-Cy5.5 AL.-21 BD Biosciences
Ly6G FITC 1A8 BD Biosciences
Ly6G BV605 1A8 BD Biosciences
MHC II PE-Cy7 M5/114.15.2 eBioscience
NK1.1 FITC PK136 BD Biosciences
Sca-1 PE-Cy7 D7 BD Biosciences
Sca-1 PE-Cy5 D7 Biolegend
Tie-2 PE TEK4 eBioscience

Lineage staining

B220 PE RA3-6B2 BD Biosciences
Gr-1 PE RB6-8C5 BD Biosciences
TCRy& PE GL3 BD Biosciences
TCRp PE H57-597 BD Biosciences
CD11b PE M1/70 BD Biosciences
Ter119 PE TER-119 BD Biosciences

- DAPI - Sigma

- Hoechst 33342 - Sigma

Table 6. Antibodies and nuclear dyes used for flow cytometry stainings.
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4.14.2. ROS production assay

Mice were treated with CoPP, G-CSF, DMSO and NaCl for 5 consecutive days as described
above. Six hours after the last injection blood samples were collected. Phagoburst assay
(Glycotope Biotechnology) was performed according to manufacturer’s instructions.
Briefly, the blood samples were incubated with N-formylmethionyl-leucyl-phenylalanine
(fMLP), phorbol 12-myristate 13-acetate (PMA) and opsonized E. coli and subsequently
with dihydrorhodamine 123. Additionally, samples were stained with anti-Gr-1

antibody. Analysis was performed as shown below:
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4.15. Statistical analysis

Statistical analysis was done with GraphPad Prism software. Data are presented as mean
with SEM or mean with individual values. Two-tailed unpaired T test or Mann-Whitney
test were applied when two groups were compared. One-way Anova or two-way Anova
with Bonferroni post-hoc test were applied when three or more groups were compared.
Kruskal-Wallis with Dunn'’s post-hoc test were was applied when three or more groups
with non-Gaussian distribution were compared. Fisher's exact test was used in the
analysis of contingency tables. Results were considered as statistically significant, when

p <0.05 (* = p<0.05; * = p <0.01; ** = p < 0.001; *** = p < 0.0001).

4.16. Preparation of figures
The figures were prepared using PowerPoint. Some of the illustrations were created
from image bank of Servier Medical Art, available from

http://www.servier.com/Powerpoint-image-bank.
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5. RESULTS
5.1. HO-1 expression level has little effect on chemical carcinogenesis

Previous studies of our group showed that HO-1/- mice were more susceptible for
chemical skin carcinogenesis [99]. However, tumors developed in HO-17/- mice were
mostly benign in contrast to invasive carcinomas observed in HO-1+/* mice. The aim of
our current study was to further investigate the role of HO-1 in the development of
squamous cell carcinoma using the model of oral chemical carcinogenesis. In addition to
HO-1 deficient C57BL/6xFVB mice we used also C57BL/6 mice with overexpression of
HO-1 under the control of keratin 14 promoter. Mice with different levels of HO-1

expression were treated with 4NQO in the drinking water for 4 months.
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Fig. 11. Weight changes in carcinogen treated animals. A. C57BL/6xFVB mice with normal and lower level
of HO-1, arrow indicates decrease of weight in HO-1-/- at the beginning of experiment; B. C57BL/6 wild type and
HO-1 overexpressing mice (mean + SEM, two-way Anova with Bonferroni post-test; 14-19 4NQO-treated mice per
group, 9 HO-1-/- 4NQO-treated mice per group; 5-6 control mice per group; **** is between the 4NQO-treated and
control group of the same genotype).

While the control mice were gaining weight throughout the experiment (Fig. 11) , in the
treated animals the weight gain was delayed at the beginning. After 10 weeks of
treatment mice of all genotypes started to lose weight. In HO-1/- mice we observed a
severe weight loss at the first weeks of 4NQO treatment (Fig. 114, indicated with an
arrow). At this point 10 out if 19 HO-1-/- mice had to be euthanized. Of all other mice,

only one HO-1+/* and one HO-1 overexpressing (TG) mouse had to be euthanized (Fisher

exact test, HO-1/- vs. HO-1+/+, p = 0.003 and HO-1/- vs. HO-1*/-, p = 0.0004, WT vs. TG,
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ns). Of the mice remaining in the experiment we did not observe differences in the

weight loss between the 4NQO-treated mice of different genotypes.

5.1.1. HO-1 deficient mice are more susceptible to esophageal, but not to oral

carcinogenesis

At the end of experiment all mice were euthanized and we analyzed the presence and
number of lesions in the gastrointestinal tract. Lesions were macroscopically visible on
the tongues of almost all 4NQO treated mice, regardless of genotype (Fig. 12 A, C).
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Fig. 12. Carcinogen-induced lesions on tongues and esophagi. A. Macroscopic changes on the tongues (left) and
esophagi (right); B. Number of lesions per animal (mean + individual values plotted, one-way Anova with Bonferroni
post-test; 11-16 4NQO-treated mice per group, 9 HO-1-/- 4NQO-treated mice per group); C. Percentage of mice with
visible lesions (Fisher exact test; numbers on the bars show number of affected animals/total number of animals in
the group).
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We did not observe any differences in the number of lesions per mouse between the
groups (Fig. 12 B, left). Similarly, we did not observe any differences in the number of
esophageal lesions per mouse (Fig. 12 B, right). However, majority of HO-17/- mice
(77.8%) developed lesions on esophagi in comparison to around 50% of the HO-1+/- and
HO-1+/* mice. Moreover, less than 20% of TG developed esophageal lesions compared to
their control group C57BL/6 wild-type mice (WT) (Fig. 12 C). We did not observe any

macroscopic changes in other organs of gastrointestinal system.

Histological analysis of the tongue paraffin sections was the subject of the master thesis
of Linh Nguyen Tuyet (Heme oxygenase-1 increases angiogenic potential of murine
squamous carcinoma cells but does not affect induction of carcinogenesis, Jagiellonian
University, Krakow, 2013). Evaluation of hematoxylin and eosin staining of the tongue
tissue sections shows the induction of carcinogenesis in the 4NQO-terated mice,

however there are no differences between the HO-1 genotypes (Fig. 13).
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Fig. 13. Histological analysis of tongue paraffin sections from 4NQO-treated mice. A. Representative pictures of
hematoxyllin and eosin staining of the tongue tissue sections; B, C. Analysis of stained specimens from C57BL/6xFVB
and C57BL/6, respectively (mean + SEM, two-way Anova with Bonferroni post-test; 8-16 4NQO-treated mice per
group; 3-6 control mice per group). Results from the master thesis of Linh Nguyen Tuyet [169], modified.
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5.1.2. 4NQO treatment leads to abnormal keratins expression in tongues

regardless of HO-1 genotype

Next, we analyzed HO-1 expression in the tongue lysates (Fig. 14). At the mRNA level we
observed no difference in murine HO-1 (Hmox1) expression between the control and
4NQO-treated C57BL/6xFVB mice. In C57BL/6 mice of both genotypes we observed a

decrease of murine HO-1 expression after 4NQO treatment.

+H+ - d- - J-

WT TG

Hmox1 (mHO-1) Hmox1 (mHO-1)
0.4 - 0.20 1
*k *k T = 1
034 ! : ! 0.15- — —
E *k E
[T} 1 11}
= 024 =
3 3
E g T
T 0.1 I
004 T
++ *]- - +[+ +[- - WT TG WT TG
Control Treated Control Treated
HMOX1 (hHO-1)
*
0.010-
*k ok
N 0.008+ —
1}
i 0.006
O
= 0.004
I
0.002-
0.000-
WT TG WwT TG
Control Treated
Sod1 Sod1
00207  jroreereceee B , 0.020-
: . T
0.0154 T I r 1 0.0154
[3] o™
[ L
- u | ‘
T T T
o o
7 (7]
WT TG

Control Treated Control Treated

Fig. 14. Expression of antioxidant genes in the tongue lysates from control and 4NQO-treated C57BL/6 (left
panel) and C57BL/6 (right panel) mice; bold line indicates the main effect of the treatment, dotted line indicates
the effect of the treatment for the given genotype (mean + SEM, two-way Anova with Bonferroni post-test; 8-15
4NQO-treated mice per group; 3-6 control mice per group).
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In transgenic (TG) C57BL/6 mice, overexpressing human HO-1 under keratin 14
promoter, there was a strong induction of human HO-1 (HMOX1) mRNA after carcinogen
treatment. Expression of keratin 14 in the same samples was only slightly upregulated
in TG mice after 4NQO treatment (Fig. 15). Expression of another important antioxidant
enzyme, superoxide dismutase 1 (Sod1) was decreased in the tongues of untreated HO-
1-/- mice in comparison to HO-1+/* and HO-1+/- counterparts. Treatment with 4NQO

increased Sod1 expression in HO-1*/* and HO-1-/- mice but not in HO-1+/- mice.

Using the hematoxyllin and eosin staining we observed altered proliferation in the
epithelium of the 4NQO-treated mice. To qantitatively assess the effect of 4NQO
treatment we analyzed the expression of selected keratins in the tongue lysates. Pair of
keratins which are expressed in the mitotically active basal layer of epithelium, namely
keratins 5 and 14, were only upregulated in the HO-1+*/- mice after 4NQO treatment (Fig.
15). There was also very small and not statistically significant upregulation of keratin 14
in C57BL/6 WT and TG mice. On the other hand, in both mouse strains, there was a
downregulation of keratin 4, which is expressed in differentiated layers of epithelium
(Fig. 15). This suggests impaired differentiation of the epithelium in the 4NQO-terated
mice. Moreover in the tongues of carcinogen-treated mice we observed upregulation of
keratin 8, which is not normaly expressed in stratified epithelium (Fig. 15). Expression
of keratin 4 was increased in control HO-1~/- mice when compared to HO-1+/+ and HO-
1+/- mice. Other tested Kkeratins (Krt5, Krt8 and Krt14) also tended to be upregulated in

HO-1-/- mice in normal conditions.
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Fig. 15. Expression of keratines in the tongue lysates from control and 4NQO-treated C57BL/6 (left panel) and
C57BL/6 (right panel) mice; bold line indicates the main effect of the treatment, dotted line indicates the effect of
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5.1.3. HO-1 deficiency affects cytokine concentrations in blood

Results comparing the cytokine concentrations in the samples from wild type
C57BL/6]xFVB and C57BL/6] mice were published in the article: A. Szade, W.N. Nowak,
K. Szade, A. Gese, R. Czypicki, H. Was, . Dulak, A. J6zkowicz: Effect of Crossing C57BL6 and
FVB Mouse Strains on Basal Cytokine Expression, Mediators of Inflammation, vol. 2015,
Article ID 762419, 2015. doi:10.1155/2015/762419.

Inflammation is one of the hallmarks of cancer [36]. Several cytokine pathways were
shown to be important in cancer progression and anti-cancer response [170], among
them IL-6 [171, 172], IL-10 [173], TNFa [174], various chemokines, like MCP-1 [175,
176] and RANTES [177, 178], and growth factors, such as G-CSF [179, 180], M-CSF [181]
or VEGF [182].

HO-1 is known immunomodulatory factor (reviewed in [183, 184]). As described in the
chapters 2.2.3 and 2.3.2, HO-1 may influence the cytokine production, immune cell
differentiation and their suppressive function. To verify the hypothesis that HO-1 can
modulate the immune responses in carcinogenesis, we analyzed the concentrations of

cytokines in the sera of mice treated with 4NQO and control mice.

We observed a tendency for increased concentration of IL-6 in HO-1 deficient mice.
Treatment with 4NQO led to further increase in IL-6. In the control C67BL/6 mice IL-6
was below the detection limit and rose after treatment with 4NQO. IL-7 concentration
increased significantly only in HO-1~/- mice after 4NQO treatment. However we observed
also some increase in 4NQO-treated WT C57BL/6 mice. HO-1-/- mice had higher IL-10
concentration than HO-1-expressing mice, regardless of the treatment with 4NQO (Fig.

16).

In C57BL/6xFVB mice we observed higher concentrations of several CCL chemokines in
serum after treatment with 4NQO (Fig. 17, left panel). Regardless of Hmox-1 genotype,
4NQO led to increase in MIP-1 a (CCL3) and eotaxin (CCL11). The increase in MCP-1
(CCL2) concentration was especially pronounced in HO-1-/- mice treated with 4NQO. We
did not observe differences in RANTES (CCL5) levels. Concentrations of CCL chemokines
in C57BL/6 mice were less affected by 4NQO treatment (Fig. 17, right panel).
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Fig. 16. Concentration of interleukins and TNFa in sera of control and 4NQO-treated C57BL/6 (left panel) and
C57BL/6 (right panel) mice; bold line indicates the main effect of the treatment, dotted line indicates the effect of
the treatment for the given genotype; dashed line indicates the detection level of the given cytokine (mean + SEM,
two-way Anova with Bonferroni post-test; 8-17 4NQO-treated mice per group; 3-6 control mice per group).
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Fig. 17. Concentration of CCL chemokines in sera of control and 4NQO-treated C57BL/6 (left panel) and
C57BL/6 (right panel) mice; bold line indicates the main effect of the treatment, dotted line indicates the effect of
the treatment for the given genotype; dashed line indicates the detection level of the given cytokine (mean + SEM,
two-way Anova with Bonferroni post-test; 8-17 4NQO-treated mice per group; 3-6 control mice per group).
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After treatment of mice with 4NQO we did not observe changes in CXCL chemokines: KC

(CXCL1), monokine induced by gamma interferon (MIG, CXCL9) and interferon gamma-
induced protein 10 (IP-10, CXCL10). Regardless of 4NQO treatment, HO-1-/- mice had
higher concentration of IP-10 than HO-1+/+ and HO-1*/- mice (Fig. 18). Concentrations of
MIP-2 (CXCL2) were below the detection limit.
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Fig. 18. Concentration of CXCL chemokines in sera of control and 4NQO-treated C57BL/6] (left panel) and
C57BL/6] (right panel) mice; bold line indicates the main effect of the treatment, dotted line indicates the effect of
the treatment for the given genotype; dashed line indicates the detection level of the given cytokine (mean + SEM,
two-way Anova with Bonferroni post-test; 8-17 4NQO-treated mice per group; 3-6 control mice per group).
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Of the growth factors analyzed, only the concentration of VEGF was affected by 4NQO
treatment in C57BL/6xFVB. VEGF level in serum was slightly lower in HO-1-/- mice than
in HO-1 expressing mice. After treatment with 4NQO, VEGF concentration increased in
the same manner in all HO-1 genotypes (Fig. 19, top left). We did not observe any
differences in VEGF concentration in C57BL/6 HO-1 WT and TG mice (Fig. 19, top right).
Concentrations of hematopoietic growth factors were not affected by 4NQO treatment in
both the mouse strains. However, in the control C57BL/6xFVB mice, we observed a
trend for decreased concentration of G-CSF and, at the same time, an increased
concentrations of M-CSF and GM-CSF in HO-1-/- mice in comparison to HO-1*/* mice (Fig.

19, left).

Carcinogenic treatment of the wild type mice, with normal HO-1 expression level, did
not influence the concentrations of majority of the cytokines tested. However, HO-1-/-
mice not only had different cytokine profile at the basal conditions, but also responded
differently to the carcinogen exposure. This suggests, that HO-1 might influence the

response of immune system to carcinogenesis.

5.2. Overexpression of HO-1 in SCC VII cells affects the immune system
response

In the experiments with chemical carcinogenesis we observed that HO-1 deficient mice
had more lesions in the esophagi and produced different amounts of cytokines in
response to 4NQO treatment. To further evaluate the role of HO-1 in tumor growth and
tumor-induced immune response, we analyzed the syngeneic tumor model with HO-1

overexpressing cell line.

We transduced murine squamous cell carcinoma cell line SCC VII with retroviral vectors
(RVs) to stably express luciferase (Fig. 20 A, B) in order to be able to monitor the tumor
growth in vivo. Next, we transduced the established SCC VII-Luc cell line with RVs
containing human HMOX1 gene (Fig. 20 A). HO-1 overexpression was confirmed at the

mRNA and protein level (Fig. 20 C, D).
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Fig. 20. Establishment of SCC VII genetically modified cell lines. A. Scheme of retroviral transductions; B. In vitro
luciferase activity measurement (unpaired T-test, 2 samples per group); C. Expression of HO-1 at mRNA level
measured by real time-PCR (unpaired T-test between SCC VII-Luc and SCC VII-Luc-HO-1, 2-3 samples per group); D.
Expression of HO-1 at protein level evaluated by western blotting.

Before starting in vivo experiments, we compared SCC VII-Luc and SCC VII-Luc-HO-1 cell
lines in vitro. We did not observe HO-1 influence on proliferation (Fig. 21 A), migration
and invasion through the Matrigel matrix (Fig. 21 B). HO-1 overexpression did not
influence the adhesion of the SCC VII to murine endothelial cell lines. However we
observed the increased adhesion of both SCC VII-Luc and SCC VII-Luc-HO-1 to the high
endothelial cells from peripheral lymph node (MPLNHEC) in comparison to the
microvascular endothelial cells deried from spleen (MSpIMEC), brain (MBrMEC) and
lung (MLUMEC) (Fig. 21 C).

Next we measured the concentrations of several cytokines and growth factors which can
be important in the regulation of tumor infiltration with immune cells. Both SCC VII-Luc
and SCC VII-Luc-HO-1 produced similarly high levels of M-CSF, VEGF, leukemia
inhibitory factor (LIF), MCP-1, RANTES and IP-10 (Fig. 22). Neither SCC VII-Luc nor SCC
VII-Luc-HO-1 produced G-CSF, IL-6 and eotaxin (data not shown).
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Fig. 21. SCC VII in vitro functional assays. A. Proliferation calculated as SCC VII-Luc-HO-1 cell number/well relative
to SCC VII-Luc cell number/well 48 h after seeding equal number of cells (mean of 4 independent experiments +
SEM); B. Migration/invasion through an empty transwell and transwell with Matrigel, respectively, measured as the
mean fluorescence of PKH26 labelled cells (mean + SEM, 3 samples per group); C. Adhesion of SCC VII-Luc and SCC

VII-Luc-HO-1 to murine endothelial cells (mean + SEM; 2 independent experiments, 3 samples per group; two-way
Anova + Bonferroni post-test).
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Fig. 22. Concentration of cytokines in culture supernatants from SCC VII cells with normal expression of HO-1
(Luc) or overexpression of HO-1 (HO-1). DMEM HG means empty medium. Supernatants collected after 24 h of cell
culture and analyzed with Luminex assay (results from 4 independent experiments pooled together, mean + SEM,
one-way Anova with Bonferroni post-test, 12-14 samples per group).
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5.2.1. HO-1 overexpression in SCC VII cells increases tumor infiltration and

affects systemic cytokine production one month after subcutaneous injection

Having characterized control SCC VII-Luc and HO-1-overexpressing (SCC VII-Luc-HO-1)
cell lines in vitro, we injected them subcutaneously in the Matrigel matrix into syngeneic

C3H mice (Fig. 23).
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Fig. 23. Scheme of the experiment with HO-1 overexpressing tumor cells injected into syngeneic mice.

We analyzed the tumor growth by in vivo luciferase activity measurements using IVIS.
Luciferase activity initially decreased in mice with SCC VII-Luc-HO-1, but not in mice
with SCC VII-Luc. From day 7 luciferase activity was increasing in both groups of mice,
but in mice which received HO-1 overexpressing cells the signal increase was much
higher (Fig. 24 A). The increase of luciferase activity did not reflect the tumor size
measured by the caliper. After 4 weeks, tumors formed by SCC VII-Luc were smaller
than tumors from SCC VII-Luc-HO-1 (Fig. 24 B). At the end of experiment (32 days) the
difference was still visible, but smaller, as few mice with the biggest tumors had to be

euthanized due to scratches.
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Fig. 24. Growth of tumors from subcutaneously injected SCC VII cells. A. In vivo bioluminescence measurements
of luciferase activity (mean + SEM, two-way Anova with Bonferroni post-test, 40 measurements per group, 20 mice
per group, 2 plugs per mouse); B. Tumor volume measured by caliper (mean + individual values plotted, unpaired T-
test, 26-40 measurements per group).

To investigate the possible reasons for the discrepancy between in vivo luciferase
activity measurements and tumor size, we measured the luciferase activity in the tumor
lysates. In concordance with the in vivo luciferase measurements, SCC VII-Luc-HO-1
tumors had much higher luciferase activity per mg of protein than SCC VII-Luc tumors
(Fig. 25 A). This excludes the possibility that SCC VII-Luc tumors gave the lower

luciferase signal due to the insufficient substrate delivery.
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Fig. 25. Luciferase activity in tissue lysates from mice injected with SCC VII-Luc and SCC VII-Luc-HO-1 cells one
month after tumor cells injection A. Luciferase activity in tumors (mean + individual values plotted, Mann-Whitney
test 4-6 samples per group); B. Luciferase activity in livers and lungs (mean + individual values plotted, one-way
Anova with Bonferroni post-test, 3-7 samples per group). Intact - negative controls, showing the assay background
signal.

Having observed significantly higher luciferase activity in SCC VII-Luc-HO-1 tumors, we
wanted to exclude the possibility of the difference in luciferase activity in both cell lines
cultured in vitro. As shown on Fig. 20 A, luciferase gene was introduced to SCC VII cells
before HO-1, thus luciferase activity should be comparable. Indeed, at the time when SCC

VII-Luc-HO-1 cell line was established, the luciferase activity was similar in SCC CII-Luc
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and SCC VII-Luc-HO-1 (Fig. 20 B). Unexpectedly, newly obtained lysates from
SCC VII-Luc-HO-1 had higher luciferase activity than lysates from SCC VII-Luc (Fig. 26 A).
Next, we wanted to verify the hypothesis that luciferase signal increases in the same
in both SCC VII cell lines. We seeded various numbers of cells in the 96-well plate
and measured luciferase activity after 48 hours. Luciferase signal was higher in
SCC VII-Luc-HO-1 than in SCC VII-Luc in all tested densities, and the difference was
increasing with the cell number until certain threshold. However, when we calculated
the results as the percentage of signal at the lowest density, the relative luciferase
activity was increasing almost linearly in SCC VII-Luc, and quickly reached plateau

in SCC VII-Luc-HO-1 (Fig. 26 B).
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Fig. 26. Luciferase activity in SCC VII cells cultured in vitro. A. Luciferase activity measured in SCC VII cell lysates
with the microplate reader (mean + SEM, 2 samples per group, unpaired T-test); B. Luciferase activity in live cells
measured using IVIS, 48 hours after seeding of indicated number of cells (mean + SEM, 2 samples per group, two-way
Anova with Bonferroni post-test).

As we did not find any macroscopically visible secondary tumors in the liver and lungs,
in order to detect potential metastases, we measured luciferase activity in tissue lysates.
We did not observe any difference in the luciferase activity in the lungs. However, some
mice bearing SCC VII-Luc tumors had increased luciferase activity in the liver (Fig. 25 B).
Concerning the fact that SCC VII-Luc-HO-1 give much higher luciferase signal both in
vitro and from the tumor lysates, increased luciferase activity in liver in SCC VII-Luc

group suggest the possible micrometastases.

The discrepancy between the luciferase measurement and tumor size can be explained
by the fact, that tumor mass does not only contain the tumor cells, but also a variety of
other components forming tumor niche. Bigger in size but having less viable cancer cells

with active luciferase, SCC VII-Luc tumors could have the higher infiltration with
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immune cells, connective tissue content and necrosis. To find the possible explanation,
we performed the trichrome staining of the tumor sections (Fig. 27 A). Unexpectedly,
semi-quantitative analysis of the specimens revealed that SCC VII-Luc tumors have
smaller amount of connective tissue (Fig. 27 B). We did not observe differences in the
blood vessel and necrosis content between control and HO-1-overexpressing tumors. In

most of the specimens, the necrosis was not present.
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Fig. 27. Histological analysis of tumor samples 1 month after subcutaneous injection of C3H mice with SCC VII
cells. A. Representative pictures of Trichrome staining; B. Results of analysis of the staining, pictures were assessed
using the scale from 0 to 3 (mean + SEM, unpaired T-test, 7-8 samples per group).

To elucidate if the bigger, SCC VII-Luc derived tumors were more heavily infiltrated with
leukocytes and to evaluate if HO-1 overexpression in the tumor influenced the

phenotype of infiltrating cells, we analyzed them by flow cytometry.
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Fig. 28. Flow cytometry analysis of myeloid cells infiltrating the tumors 1 month after subcutaneous injection
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samples per group).
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As the SCC VII-Luc tumors were bigger but had lower increase in luciferase activity, we
expected the higher infiltration with leukocytes of the SCC VII-Luc tumors than SCC VII-
Luc-HO-1 ones. Oppositely to expectations, we observed a higher number of CD45+* cells
infiltrating the tumors from SCC VII-Luc-HO-1 cells. The majority of infiltrating
leukocytes were CD11b* myeloid cells (Fig. 28).

The cells were next characterized using Ly6C and MHC type II (MHC II) markers, which
were shown to classify tumor infiltrating cells into functional subsets [185]. Ly6C and
MHC II did not separate well the infiltrating myeloid subpopulations, however, we were
able to see difference between control and HO-1 overexpressing tumors. SCC VII-Luc-
HO-1 tumors had higher percentage of infiltrating Ly6C* and Ly6Chi, MHC II expressing
myeloid cells. Proportions of Ly6C- cells were similar in both groups (Fig. 28). MHC II

expressing cells were much more abundant than MHC Il negative cells.

One month after subcutaneous injection of SCC VII cells we observed differences in
myeloid cell infiltration in the HO-1 overexpressing tumors. However when the tumors
were growing for such a long time, distinct populations of infiltrating cells were difficult
to distinguish with certain markers, for example with MHC II and Ly6C. As
characterization of infiltrating cells with MHC Il and Ly6C can reflect functional diversity
of different subpopulations [185], we decided to performed similar experiment, but the

tumors were growing for a shorter time.

After 2 weeks we did not observe the difference in the percentage of CD45* cells
infiltrating the SCC VII-Luc and SCC VII-Luc-HO-1 tumors but, similarly to the previous
experiment, SCC VII-Luc-HO-1 tumors were more heavily infiltrated with myeloid cells.
Basing on Ly6C and MHC II expression we distinguished 5 populations of myeloid cells
infiltrating the tumors. SCC VII-Luc-HO-1 tumors had a higher percentage of Ly6Clc MHC
[Ihi and MHC Il infiltrating cells. Percentage of Ly6Cmid MHC II'® cells as well as of Ly6Chi
cells, regardless of MHC II expression, was similar in SCC VII-Luc and SCC VII-Luc-HO-1
tumors. HO-1-overexpressing tumors were, however, more heavily infiltrated with

CD11b* F4/80+ Tie-2+ cells (Fig. 29).
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Tie-2-expressing monocytes/macrophages (TEM) are regarded as very important subset
of myeloid cells, especially in tumor angiogenesis. We therefore analyzed the Tie-2 and
F4/80 expression among the myeloid cell populations divided according to Ly6C and
MHC II markers. F4/80* Tie-2* cells were mainly present in both MHC IIP populations,
regardless of Ly6C expression. There were no significant differences in F4/80+ Tie-2+
percentages of parent populations between SCC VII-Luc and SCC VII-Luc-HO-1 tumors.
However, percentages of Ly6Cle MHC II' F4/80* Tie-2* and Ly6Cle MHC IIh F4/80+ Tie-
2+ subsets among all cells in the tumor were higher in HO-1 overexpressing tumors than

in the control ones (Fig. 30).
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Next, we analyzed the infiltration of tumors with MDSC. After 2 weeks of tumor growth
among MDSC infiltrating the tumors, Ly6Clow Ly6G* granulocytic MDCS (G-MDSC) were

more abundant than Ly6Ch Ly6G- monocytic-MDSC (M-MDSC), and there were no
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differences in percentages

HO-1 tumors (Fig. 31 A).
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When tumors were grown for 1 month, there was a very low percentage of G-MDSC,
similar between both groups. M-MDSC were more abundant and their percentage was
higher in the SCC VII-Luc-HO-1 tumors than in SCC VII-Luc tumors. Almost all infiltrating
M-MDSC were F4/80 and CD14 positive (Fig. 31 B).
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Dendritic cells comprised a very low percent of cells in the SCC VII tumors. After 2 weeks
of tumor growth pDC were only present in SCC VII-Luc tumors and cDC were similarly
infiltrating both SCC VII-Luc and SCC VII-Luc-HO-1 tumors. However, CD11b* CD11c*
MHC II* Ly6C- Ly6G- cells, mostly positive for F4/80 marker, were more abundant in SCC
VII tumors and their amount was higher in HO-1-overexpressing tumors than in the
control ones (Fig. 32 B). When the tumors were growing for 1 month, the percentage of
plasmacytoid dendritic cells (pDC) infiltrating the SCC VII tumors was very low, but it
was higher in SCC VII-Luc than in SCC VII-Luc-HO-1 tumors (Fig. 32 C).

We analyzed also the lymphoid infiltration into the SCC VII tumors. SCC VII-Luc-HO-1
had lower CD4/CD8 ratio of tumor infiltrating lymphocytes after 1 month of tumor
growth (Fig. 33). Moreover, HO-1 overexpressing tumors were less infiltrated with cells

of Treg phenotype (CD4* CD25%).
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Fig. 33. Flow cytometry analysis of T lymphocytes infiltrating the tumors 1 month after subcutaneous
injection of C3H mice with SCC VII cells (mean + individual values plotted, unpaired T-test, 7-9 samples per group).

We did not observe any differences in total WBC number and percentage of lymphocytes
in peripheral blood between mice with SCC VII-Luc and SCC VII-Luc-HO-1 tumors (Fig.
34 A). However, after one month of tumor growth flow cytometry analysis of blood
lymphocytes showed increased CD4/CD8 ratio in mice with control (SCC VII-Luc)
tumors, which was at the normal level in mice with HO-1-overexpressing tumors. The
number of CD4+ CD25M Treg cells was decreased in tumor-bearing mice, however there
were no differences between SCC VII-Luc and SCC VII-Luc-HO-1 groups (Fig. 34 B). Mice
with the control tumors had decreased number of RBC in blood (Fig. 34 A).
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Having observed the influence of HO-1 overexpression in tumor cells on circulating
blood lymphocytes, we expected to find differences in the cytokine concentrations.
Therefore, we analyzed the plasma samples by Luminex assay. We especially looked at
the cytokines which were differentially expressed in mice with different HO-1 genotype
upon the 4NQO treatment and cytokines produced in high amounts by SCC VII cells in

vitro.

After 2 weeks of tumor growth we did not find the differences in concentrations of MCP-
1, RANTES, eotaxin, KC, LIX, MIG, IP-10 and G-CSF (Fig. 35 A). Similarly 1 month after
tumor cells injection, there were no differences in MCP-1, RANTES, KC and IL-6
concentrations between plasma samples from mice with SCC VII-Luc and SCC VII-Luc-
HO-1 tumors. However, levels of eotaxin, LIX, MIG and IP-10 were lower in mice with
SCC VII-Luc tumors than in mice with SCC VII-Luc-HO-1 tumors (Fig. 35 B).
Concentration of VEGF was at the border of detection in SCC VII-Luc group and slightly
lower in SCC VII-Luc-HO-1 group. Concentrations of IL-4, IL-5, IL-7, IL-10, IL-15, INFy,
TNFa and GM-CSF were below the detection limit.
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Fig. 35. Cytokine concentrations in the plasma of SCC VII tumor bearing mice. A. 2 weeks after subcutaneous
injection of C3H mice with SCC VII cells (mean + individual values plotted, unpaired T-test between SCC VII-Luc and
SCC VII-Luc-HO-1 injected mice, 8 samples per compered groups and 4 control samples). B. 1 month after
subcutaneous injection of C3H mice with SCC VII cells (mean + individual values plotted, Mann-Whitney test between

SCC VII-Luc and SCC VII-Luc-HO-1 injected mice, 7-9 samples per compered groups and 3 control samples). Intact -
control, untreated mice.
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SCC VII cell injection into syngeneic C3H mice showed that HO-1 overexpression in SCC
VII cells increased tumor infiltration with leukocytes and affected the phenotype of
infiltrating cells. Moreover, HO-1 expression in tumor cells had systemic effect on
cytokine concentration in plasma and T cell populations in peripheral blood when

tumors were growing for 1 month.

5.2.2. CoPP treatment affects the infiltration of Matrigel plugs with myeloid cells,
plasma cytokine concentrations and leukocyte counts

Having observed the different infiltration of control and HO-1-overexpressing tumors
with the immune cells we decided to pharmacologically induce and inhibit HO-1 activity

together with SCC VII cells injection (Fig. 36).

Day 1 Day 2 Day 3 Day 5 Day 6

\ Measurement of cytokme
%\ and growth factors

(Luminex)

Analysis of myeloid cell populations
Mice injected intraperitoneally from blood, bone marrow and spleen
with CoPP/SnPP at a dose of 15 umol/kg (flow cytometer)

Fig. 36. Scheme of the experiment aiming to investigate the effect of pharmacological HO-1 induction for the
tumor infiltration with myeloid cells.

We injected the mice with Matrigel plugs containing SCC VII-Luc or SCC VII-Luc-HO-1
cells. Empty Matrigel plugs were used as a control. Mice with empty plugs or plugs with
SCC VII-Luc cells were additionally injected with HO-1 inducer (CoPP), HO-1 inhibitor
(SnPP) or proper solvent controls, one day before, one day after and three days after the
Matrigel plug injection. CoPP ans SnPP were dissolved in DMSO further diluted in NaCl.
As DMSO itself can have anti-inflammatory properties, both Nacl and DMSO were used
as controls. We analyzed the myeloid cell populations in the blood, bone marrow and

spleen (Fig. 36).
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Fig. 37. Flow cytometry analysis of myeloid cells infiltrating the tumors, 5 days after subcutaneous injection of
SCC VII cells: gating strategy (left panel) and percentages of cells infiltrating the tumor (right panel) (mean + SEM,
one-way Anova with Bonferroni post-test, 5 mice per group).

There were no differences in early infiltration of Matrigel plugs containing SCC VII-Luc
and SCC VII-Luc-HO-1 cells with total CD45* or CD11b* myeloid cells. Analysis of MHC II
and Ly6C expression allowed us to distinguish few distinct populations of myeloid cells.
In CoPP treated mice, we observed altered phenotype of CD11b* Ly6Clw plug-
infiltrating cells - higher percentage of MHC II'°w an lower percentage of MHC IIhi cells
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(Fig. 37). Effects of HO-1 pharmacological induction by CoPP were not achieved by HO-1
overexpression in tumor cells. Moreover, HO-1 inhibition by SnPP did not have opposite
effect to HO-1 upregulation by CoPP. Those observations may suggest that CoPP acts on

immune system independently of HO-1.

Additional analysis of flow cytometry data allowed for identification of several cell
populations that were more heavily infiltrating SCC VII-Luc-HO-1-containing Matrigel
plugs than plugs with control SCC VII-Luc cells. In plugs with HO-1 overexpressing cells
we observed increased percentage of CD11b* F4/80+ Ly6Chi Ly6G- TAMs with high or
low expression of MHC II. pDC were present in small numbers plugs with SCC VII-Luc-
HO-1 cells, but not in plugs with SCC VII-Luc cells. We observed no differences in the
percentage of G-MDSCs, Mo-MDSCs and cDC between plugs with SCC VII-Luc and SCC
VII-Luc-HO-1 (Fig. 38).
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Fig. 38. Further characterization of cells infiltrating the tumors, 5 days after subcutaneous injection of SCC VII
cells (mean + individual values plotted, one-way Anova with Bonferroni post-test between SCC VII-Luc and SCC VII-
Luc-HO-1, 5 mice per group).

There were no differences in the complete blood cell count parameters between SCC VII-
Luc- and SCC VII-Luc-HO-1-bearing mice. However, we observed increased number of
WBC, increased percentage of granulocytes and decreased percentage of lymphocytes in
mice treated with CoPP. Treatment of mice with SnPP did not have any effect of blood
parameters (Fig. 39).
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Fig. 39. Complete blood cell count in the C3H mice, 5 days after subcutaneous injection of SCC VII cells (mean +
SEM, one-way Anova with Bonferroni post-test, 5 mice per group).

Among cytokines tested, there were no differences in plasma concentrations between
mice with Matrigel plugs containing the SCC VII-Luc or SCC VII-Luc-HO-1 cells. However,
in the plasma of CoPP-treated mice, we observed increased concentrations of G-CSF, M-

CFS, IL-6 and IP-10. Treatment with SnPP did not affect any cytokine levels (Fig. 40).
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Fig. 40. Cytokine concentrations in plasma of C3H mice, 5 days after subcutaneous injection of SCC VII cells
(mean + SEM, one-way Anova with Bonferroni post-test, 5 mice per group).

HO-1 overexpression in SCC VII cells did not have a profound effect on Matrigel plug
infiltration with leukocytes 5 days after subcutaneous injection. However, treatment
with HO-1 inducer, CoPP affected Matrigel plug infiltration, leukocyte counts in blood

and cytokine concentration in plasma.
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5.3. CoPP treatment induces mobilization of cells from the bone marrow

to blood

5.3.1. CoPP treatment increases leukocyte numbers in blood
Treatment of SCC VII tumor-bearing mice with CoPP increased the number of white

blood cells and the concentrations of G-CSF, IL-6 and IP-10 in plasma (Fig. 39, Fig. 40).
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Administration of CoPP resulted in 2.6-fold increase in HO-1 activity (measured in the
liver), whereas SnPP decreased HO-1 activity by 2.4 times (Fig. 41 A). Mice treated with
CoPP had increased number of all types of leukocytes in blood (Fig. 41 B, C). However
there is a visible shift towards myeloid lineage, as the percentage of lymphocytes
decreases in favor of granulocytes and monocytes (Fig. 41 D). Number of platelets, as
well as erythrocyte parameters, were unaffected by CoPP treatment (Fig. 41 E). In

contrast, SnPP did not have any effect of complete blood count.

5.3.2. Treatment with CoPP increases concentrations of G-CSF and IL-6 in plasma

We analyzed a panel of cytokines in plasma of mice treated with CoPP and SnPP.
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Fig. 42. Concentrations of selected cytokine in the plasma of C3H mice treated with CoPP or SnPP (mean + SEM,
one-way Anova with Bonferroni post-test, 5 mice per group).

Concentrations of IL-5 and IL-6 were increased in response to CoPP administration (Fig.
42). Concentrations of IL-1a, IL-1, IL-2, IL-3, IL-4, IL-7, IL-9, IL-10, IL-12p40, IL-12p70,
IL-13 and IL-15 were below the detection limit. CoPP increased the level of chemokines,
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MCP-1 and IP-10, not affecting KC (Fig. 42). MIP-1a, mIP-13 and MIP-2 were not
detectable. We observed a strong increase of G-CSF, but other colony stimulating factors
were unchanged (M-CSF) (Fig. 42) or not detectable (GM-CSF). We could not detect
TNFa, INFy and VEGF in the plasma. Surprisingly, SnPP did not have any influence on

any of the analyzed cytokines.

Flow cytometry analysis of bone marrow shows decrease in CD11b* F4/80* MHC IIh
macrophages. More frequent subpopulation of CD11b* F4/80* MHC Illov cells was not
affected (Fig. 43 A). At the same time, number of CD11b* F4/80* MHC II" and MHC IIlow
macrophages in the spleen was increased (Fig. 43 B). Both in the bone marrow and

spleen we observed an increase in CD11b* CD11c- Ly6Clew/+ Ly6G+ cells (Fig. 43 A, B).
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Fig. 43. Macrophage populations in the bone marrow (A) and spleen (B) of C3H mice treated with CoPP or
SnPP (mean + SEM, one-way Anova with Bonferroni post-test, 5 mice per group).

5.3.3. CoPP exerts similar effects to G-CSF treatment

As treatment of mice with CoPP increased G-CSF concentration in plasma, we directly
compared the effect of G-CSF and CoPP administration (Fig. 44 A). C57BL/6xFVB mice
were injected with rhG-CSF, CoPP or appropriate vehicle controls (NaCl and DMSO,
respectively), once a day for 5 days. Six hours after the last injection the peripheral
blood and bone marrow samples were collected. We analyzed myeloid and

hematopoietic stem/progenitor cells by flow cytometry.
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Fig. 44. Experiment comparing the effects of G-CSF and CoPP treatment. A. Scheme of the experiment; B. Relative
spleen weight in mice treated with G-CSF or CoPP (mean + individual values plotted, one-way Anova with Bonferroni
post-test, 7 mice per group).

Mice treated with G-CSF and CoPP had enlarged spleens, when compared to the vehicle
controls (Fig. 44 B). Main leukocyte populations were counted basing on the flow
cytometry analysis using Trucount tubes. We observed increased number of CD45+* cells,
especially granulocytes, in the peripheral blood of mice treated with G-CSF and CoPP,
however, the increase was higher after G-CSF (Fig. 45). The numbers of monocytes and
NK cells were similarly increased after G-CSF and CoPP. Only G-CSF treatment led to the

increase in lymphocytes, mainly T cells.
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G-CSF or CoPP (mean + individual values plotted, one-way Anova with Bonferroni post-test, 7 mice per group).
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Further analysis of myeloid cells by flow cytometry shows the differences in phenotype

between granulocytes mobilized by CoPP and G-CSF. CD11b* CD11c Ly6C- Ly6G* cells

mobilized by CoPP are more granular (higher SCC parameter) and have higher

expression of Ly6G (Fig. 46). They resemble more the granulocytes of the control mice

than that mobilized by G-CSF.
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Although mice treated with G-CSF had the higher total number of granulocytes in blood,
these were mainly immature granulocytes (Ly6Gmid SCCmid), whereas CoPP treatment
increased the number of mature cells (Ly6Ghi SCChi) (Fig. 47, upper panel). Both G-CSF
and CoPP increased the numbers of non-classical and intermediate monocytes, without

classical monocytes population being affected (Fig. 47, bottom panel).

Having observed an increase in granulocyte numbers and G-CSF concentration in blood
after CoPP treatment, we analyzed the composition of the myeloid cell populations in
the bone marrow (Fig. 48 upper panel). Percentage of CD11b* CD11c Ly6Clew Ly6G* and
CD11b* CD11c Ly6Clw SSCmed Ly6Gmed cells was increased after G-CSF and CoPP
treatment, but the increase after G-CSF was more pronounced. Percentage of CD11b*
CD11c Ly6Clw SSChi Ly6Ghi was decreased after G-CSF, but not affected by CoPP.
Although there was no difference in the percentage of CD11b* F4/80+ cells, we observed
a decrease in CD11b* F4/80* CD11c- macrophages expressing low and high levels of
MHC class II both after G-CSF and CoPP treatment (Fig. 48).
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Majority of MHC II expressing myeloid cells in the bone marrow were also positive for
Ly6G marker. Percentage of Ly6G* cells among F4/80* MHC Illov or MHC IIhi cells
decreased after CoPP and G-CSF treatment. In the population of MHC II negative cells,
percentage of Ly6G* cells decreased only after G-CSF treatment (Fig. 48).

As G-CSF is a known mobilizer of hematopoietic stem and progenitor cells (HSPC), we
analyzed HSPC populations in the blood and bone marrow of mice treated with CoPP
and G-CSF. We found that mice treated with CoPP had increased percentage and number
of KLS (c-Kit* Lin- Sca-1*) cells in blood. In animals treated with G-CSF increase in KLS

cells was visible, although it was not statistically significant.
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Mobilized KLS cells were further characterized using CD34 and SLAM markers CD48
and CD150, which enable to define HSC (KLS CD48- CD150*), MPP (multipotent
progenitors, KLS CD48- CD150-) and HPC (hematopoietic progenitors, KLS CD48+ CD150-
and KLS CD48* CD150*) populations [186]. CoPP treatment led to the higher increase
in cells of HSC, MPP and HPC phenotypes than treatment with G-CSF [186]. Of note,
only small proportion of KLS cells mobilized by G-CSF and CoPP were CD34 negative
(Fig. 49).

Next we analyzed more differentiated, but still immature hematopoietic cells.
Oligopotent, granulocyte-macrophage progenitor (GMP) and megakaryocyte-erythroid
progenitor (MEP) numbers were more higher in the blood of mice treated with CoPP
than in the mice treated by G-CSF. The increase in erythroid progenitors (EP) number

was similar in both groups (Fig. 50).
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Fig. 50. Flow cytometry analysis of oligopotent and lineage-restricted progenitors in the blood of
C57BL/6xFVB mice treated with G-CSF or CoPP (mean + individual values plotted, one-way Anova with Bonferroni
post-test, 7 mice per group).

CoPP treatment led to the increase in KLS percentage in the bone marrow (Fig. 51). In
contrast, percentage of committed progenitors (KLS-) was decreased after G-CSF and
CoPP, however the decrease after CoPP was less pronounced than after G-CSF. Further
characterization of committed progenitors with CD34 and SLAM markers shows, that
MEP and EP are similarly decreased after G-CSF and CoPP. Only G-CSF treatment leads
to the decrease in GMP percentage in the bone marrow, there is no change visible after

CoPP (Fig. 51).

95



% of DAPI" cells

15

1.0

0.5

% of DAPI" cells

0.0-

KLS (c-Kit* Lin" Sca-1*)

KLS™ (c-Kit* Lin" Sca-1)

*

25, — -
w 2.0 ®
3 ° .
2 15] O o
3
2 104 %00
o
2 059 °
0.0 .
NaCl  GCSF DMSO  CoPP NaCl  GCSF  DMSO  CoPP
GMP MEP EP
KLS" cD48* cD150° CD34* KLS  CD48* CD150* CD34" KLS  CD48" CD150° CD34"
0.20 Hik ok 0.8+ * .
o 1
! o % 0154 © % 0.6
0° ® .. : o .. 2 °
— °® % ot ° g 0.4+
a
b ° -
o o 000
° 2 o00s]|%®° ° 021 o
%0
0.00 . 0.0 .
NaCl  GCSF DMSO  CoPP NaCl  GCSF DMSO  CoPP NaCl  GCSF  DMSO  CoPP
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By Luminex assay we confirmed the increase in G-CSF concentration after CoPP
treatment. Additionally, we observed a 5-fold increase in IL-6 concentration after G-CSF
administration, however, it was not comparable to the 160-fold increase in IL-6
concentration after CoPP. MCP-1 was upregulated by CoPP, while the increase after G-
CSF was very small. Only CoPP treatment led to the increase in KC, IP-10 and MIG
concentrations. Neither G-CSF nor CoPP increased concentrations of M-CSF and eotaxin.
Concentration of LIX was slightly higher after CoPP than after G-CSF, however the

increase after CoPP in comparison to DMSO control was not significant (Fig. 52).

The results of comparison between G-CSF and CoPP show that, although these two
factors exert similar effects, some of the observed properties (e.g. increase in certain
cytokine concentrations) are unique for CoPP. This suggests, that CoPP may work not

only through G-CSF induction, but also other cytokines might be involved in its action.

5.3.4. CoPP mobilizes functional granulocytes

As shown in the previous section, treatment of mice with CoPP resulted in mobilization
of the granulocytes of more mature phenotype, than treatment with G-CSF (Fig. 46 and
Fig. 47). To investigate if more mature phenotype would correlate with the increased
phagocytic function, we treated the mice with G-CSF or CoPP and measured reactive

oxygen species (ROS) production after incubation of blood samples with different

stimuli.
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We observed the higher percentage of granulocytes in blood after treatment of mice
with G-CSF and CoPP (Fig. 53). However, the increase was much lower comparing to the
previous experiment. In all groups we were able to distinguish two populations of
granulocytes - SSCmid Grilmid jmmature granulocytes and SSCh Grlhi mature
granulocytes. There were no differences in the percentage of immature granulocytes
between the groups, but the percentage of mature granulocytes was the highest in the

blood of CoPP-treated mice.

The blood samples from G-CSF- and CoPP-treated mice were incubated with N-
formylmethionyl-leucyl-phenylalanine (fMLP), phorbol 12-myristate 13-acetate (PMA)
and opsonized E. coli. Conversion of dihydrorhodamine 123 (DHR 123) to fluorescent
rhodamine 123 (R123) was used to assess the production of ROS by stimulated cells.
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Fig. 54. Representative plots from flow cytometry analysis of granulocytes from peripheral blood samples
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We analyzed both the percentage of ROS producing cells and the activity of cells among
the selected populations - all PI* (nucleated) cells, granulocytes and their two
subpopulations - SSCmid Grilmid jmmature granulocytes and SSChi Grlhi mature

granulocytes.

Cells incubated with fMLP or E. coli did not change their morphology. After the
incubation with PMA, the cells became less granular, as evidenced by decreased SSC
values. After incubation with E. coli or PMA mostly mature granulocytes became R123

positive (Fig. 54).

When all cells were analyzed, there was a higher percentage of ROS-producing cells in
the blood samples from G-CSF and CoPP treated mice stimulated with E. coli or PMA.
Exposure to E. coli or PMA resulted in similar increase of percentage of R123+ cells
among granulocytes in samples from mice of all experimental groups. Percentage of
R123+* cells among immature granulocytes from G-CSF-treated mice increased both after
E. coli and PMA stimulation, whereas in the samples from CoPP-treated mice the
increase was only observed after PMA. Percentage of R123* cells among mature
granulocytes from G-CSF and CoPP-treated mice was smaller than among mature

granulocytes from the control mice (Fig. 55).

Apart from the percentage of ROS producing cells we also assessed their ROS-producing
activity by measuring the mean fluorescence intensity (MFI) of R123 among the R123+*
populations. We observed an increase in ROS-producing activity in unstimulated cells
from G-SCF- and CoPP-treated mice. R123 MFI in the population of R123+ granulocytes
was the highest after stimulation with E. coli, especially in the samples from the control,
NaCl-injected mice. There were no major differences in R123 MFI among the immature
granulocytes. Only in the population of mature granulocytes the activity of cells highly
increased after stimulation with E. coli and PMA comparing to unstimulated and fMLP-
stimulated cells, however there were no differences between the samples from control

and G-CSF- or CoPP-treated mice (Fig. 56).

Results of ROS production measurement show that granulocytes mobilized by G-CSF and
CoPP are similarly efficient in phagocytic activity as the granulocytes from the control

mice.
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5.3.5. CoPP mobilizes functional HSPC

As shown in Fig. 49, treatment of mice with CoPP increased the number of cells with
HSPC phenotype in the blood more efficiently than treatment with G-CSF. To prove that
CoPP indeed induces mobilization of functional HSPC, we performed transplantation of

mobilized peripheral blood mononuclear cells (PBMC).

We treated the green fluorescent protein (GFP)-expressing mice with CoPP, G-CSF or
NaCl as a control. At the 5th day of treatment we isolated the PBMC and then
transplanted 5x10¢ of isolated PBMC to the lethally irradiated GFP- recipient mice,
together with 10> GFP- bone marrow-derived competitor cells (Fig. 57 A). Unexpectedly,
the mean numbers of isolated PBMC from NaCl- and CoPP-treated mice were similar,
whereas the number of PBMC isolated from G-CSF-treated mice was almost two times
lower (Fig. 57 B). In most cases, cells from two GFP* donors were pooled for injection to
one recipient. We monitored the complete blood cell count and GFP chimerism in blood.
After 18 or 20 weeks we sacrificed the primary recipients, isolated the bone marrow
cells and transplanted them to lethally irradiated secondary recipients (Fig. 57 A). The
experiment is ongoing, the results will be analyzed 12-16 weeks after the secondary

transplantation.

At the day of isolation of PBMC for transplantation, we collected blood samples for flow
cytometry analysis to assess the numbers of mobilized cells. As in the previous
experiment (chapter 5.3.3, Fig. 49 A), CoPP mobilized higher number of KLS cells than G-
SCF (Fig. 57 C). CoPP mobilized also higher number of CD45* cells (Fig. 57 C). Both in
mice treated with G-CSF and CoPP we observed increased number of granulocytes,
however the increase after CoPP was higher. G-CSF and CoPP treatments similarly
increased the numbers of immature granulocytes in blood, but only CoPP treatment
increased the number of mature granulocytes (Fig. 57 D). As can be seen on graphs
showing KLS (Fig. 57 C) and granulocyte numbers (Fig. 57 D), among the G-CSF-treated
mice there is a bimodal distribution, where only 4 mice that mobilized well KLS cells and

granulocytes in response to G-CSF.
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At selected time points after the PBMC transplantation we collected the blood samples
to analyze the complete blood count and GFP chimerism in the recipient mice. Two
weeks after transplantation, all recipient mice had WBC numbers much below the
normal range. Number of platelets was also decreased in majority of mice. Mean
numbers of WBC and platelets were the highest in mice which received CoPP-mobilized
PBMC (Fig. 58). RBC number and hematocrit (HCT) were within the normal range
already 2 weeks after PBMC transplantation. After four weeks, all parameters were
normalized, except the number of lymphocytes which was slightly increased. There

were no differences between the experimental groups at this time point (Fig. 58).
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Fig. 58. Complete blood count of C57BL/6 recipient mice 2 and 4 weeks after mobilized blood transplantation
(mean + individual values plotted, one-way Anova with Bonferroni post-test, 7-9 mice per group; grey area indicates
the reference values for each parameter).

To assess the potential of transplanted PBMC to repopulate the bone marrow and rescue
hematopoiesis of irradiated recipients, we analyzed the GFP chimerism in the blood. At
all investigated time points, the GFP chimerism among all CD45* peripheral blood cells,
granulocytes and B cells was the highest in mice which received CoPP-mobilized PBMC

(Fig. 59).
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In all experimental groups the number of GFP+ CD45* cells was the highest 2 weeks after
the PBMC transplantation, and decreased after 4 weeks, reaching the plateau (Fig. 59,
Fig. 60). Number of GFP* B cells was increasing up to 4 weeks, and stayed at the same

level or slightly decreased in mice that received G-CSF- and CoPP-mobilized PBMC,

respectively.
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Fig. 59. GFP chimerism in the blood of C57BL/6 recipient mice 2, 4 and 18/20 weeks after mobilized blood
transplantation (mean + individual values plotted, one-way Anova with Bonferroni post-test, 7-9 mice per group).

GFP chimerism among granulocytes was the highest 2 weeks after transplantation and

decreased in both, G-CSF and CoPP, groups throughout the experiment. Two and four
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weeks after transplantation, the GFP chimerism was the highest in mice that received G-
CSF-mobilized PBMC (Fig. 59). Number of GFP* T cells decreased between 2 and 4 weeks
in all groups and subsequently increased up to 18-20 weeks in G-CSF and CoPP groups,
reaching the highest values in CoPP group at the last time point (Fig. 59, Fig. 60).
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Fig. 60. GFP chimerism in peripheral blood of recipient C57BL/6 mice transplanted with mobilized PBMC;
main effect of the mobilizer is indicated (mean + SEM, two-way Anova with Bonferroni post-test, 7-9 mice per

group).

Our mobilized PBMC transplantation experiment show that treatment of mice with CoPP
induces mobilization of functional HSPC which rescue hematopoiesis when injected to
lethally-irradiated mice. Moreover, CoPP-mobilized cells seem to be more effective than

G-CSF-mobilized cells in restoring hematopoiesis after engraftment.

5.3.6. Single injection of CoPP induces multiple cytokine expressions

To elucidate which cytokines might be directly induced by CoPP, we treated mice with a
single injection of CoPP and collected the blood samples at selected time points (3 to 24
hours after injection). Luminex analysis of the plasma samples shows the upregulation
of G-CSF with the peak of expression at 6 hours after single CoPP injection (Fig. 61 A).
The maximal concentration of G-CSF is 55 times higher than the basal concentration in
the untreated mice (Fig. 61 B). Other CoPP-upregulated cytokines: IL-6, MCP-1, and KC

peak at 3 hours after injection (Fig. 61 A). Maximal concentration of IL-6 is 92 times
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higher than the basal level and the pattern of IL-6 induction is the same as for KC (Fig.
61 A, B). We observed also a 2-fold induction of IP-10 at 3 and 6 hours after CoPP
injection. Concentration of M-CSF was not changed between 3-24 hours after CoPP
treatment (Fig. 61 A). Percentage of granulocytes increased after 3 hours, but was the

highest 6 hours after CoPP injection (Fig. 61 C).
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Fig. 61. Cytokine concentrations in plasma of mice treated with a single injection of CoPP (3 samples per group,
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0 (error bars not shown for better visibility); C. Percentage of granulocytes among the WBC.

The results of experiment with a single CoPP injection show that expression of IL-6,

MCP-1 and KC is induced by CoPP faster than expression of G-CSF.

5.3.7. Effect of CoPP on leukocytes does not depend either on HO-1 or on Nrf2

Although CoPP is a known inducer of HO-1 expression, not all of its activities are
mediated by HO-1. As the inhibition of HO-1 by SnPP did not have any effect on the
parameters affected by CoPP (chapters 5.3.1 and 5.3.2), we hypothesized that HO-1 may
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not be involved in the CoPP-induced mobilization. To verify this hypothesis, we treated
HO-1+/* and HO-1-/- mice with CoPP and measured leukocyte numbers and cytokine

concentrations in their blood.

As HO-1/- individuals have increased susceptibility to the toxic effect of many
compounds (e.g. 4NQO, as shown in the chapter 5.1), in the experiment with HO-1+/+ and
HO-1-/- mice we injected them with CoPP three times, every second day (instead of
everyday for 5 days). Nevertheless, 2 out of 6 HO-1~/- mice treated with CoPP had to be

euthanized before the end of experiment.
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As expected, treatment of mice with CoPP increased HO activity in HO-1+/* but not in
HO-1-/- mice (Fig. 62 A). Although the total WBC and granulocyte numbers were higher
in the control, DMSO-treated HO-1/- mice than in their HO-1*/* counterparts,
administration of CoPP increased the leukocyte numbers in both groups (Fig. 62 B). Both
HO-1+/* and HO-1-/- mice had increased concentrations of G-CSF, IL-6 and MCP-1 in the
plasma after treatment with CoPP (Fig. 62 C). As HO-1 was shown to be involved in the
regulation of angiogenesis, we investigated the influence of CoPP administration on
proangiogenic cells. CoPP led to the increase in TEM percentage in the blood, but not in
the Matrigel plug (Fig. 62 D, E). However, treatment of mice with CoPP increased the
percentage of KDR* myeloid cells infiltrating the plug (Fig. 62 E).
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Having excluded involvement of HO-1 in CoPP-induced mobilization, we examined the
upstream signaling. Transcription of Hmox1 gene in response to CoPP is regulated by
Nrf2 transcription factor. To verify if Nrf2 is involved in the mobilization of cells after
CoPP treatment, we treated Nrf2+/+ and Nrf2-/- mice with CoPP. We observed no

enlargement of the spleen in C57BL/6] mice regardless of Nrf2 genotype (Fig. 63 A).

Mice of both genotypes had increased number of CD45* leukocytes in blood after
treatment with CoPP (Fig. 63 B). Among the leukocytes, there was increased percentage
of granulocytes and decreased percentage of lymphocytes. Percentage of monocytes was
not affected by CoPP, however regardless of the treatment, it was higher in Nrf2-/- mice
than in Nrf2+/* mice (Fig. 63 C). We observed similar increase in concentrations of G-CSF
and IL-6 in plasma of CoPP-treated Nrf2+/+ and Nr2~/- mice. Increase in MCP-1
concentration after COPP administration was higher in Nrf2-/- mice than in Nrf2+/* mice

(Fig. 63 D).

The results of experiments performed in HO-1-/- and Nrf2-/- mice indicate, that the effect
of CoPP on cell mobilization from the bone marrow to the blood depends neither on HO-

1 nor on Nrf2.
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6. DISCUSSION

Our primary aim was to investigate the role of HO-1 in squamous cell carcinoma. We
used two distinct mouse cancer models. First, we applied 4NQO carcinogen in mice with
different HO-1 expression levels. Next, we injected subcutaneously control or HO-1-
overexpressing SCC-VII squamous cell carcinoma cell lines into syngeneic mice. The
obtained results indicate that HO-1 prevents animals from toxic effects of carcinogen

and then modulates the immune response induced by tumors.

Moreover, we used pharmacological HO-1 inducer, CoPP, to evaluate the influence of
systemic HO-1 upregulation on immune cell infiltration into the growing tumors.
Unexpectedly, we found that administration of CoPP induces cell mobilization from the
bone marrow to the blood. This observation indicates that CoOPP may mimic or even
surpass the activity of G-CSF, the protein commonly used in clinic, especially in patients
suffering from chemotherapy-induced neutropenia. As that phenomenon may be of
clinical relevance, in the last part of the study we concentrated on its more detailed

characterization.

6.1. HO-1 deficiency has moderate effect on oral chemical carcinogenesis

Previous experiments of our group with DMBA/PMA-induced skin carcinogenesis in
mice expressing different HO-1 levels showed that HO-1-/- individuals were developing
tumors earlier than their HO-1+/* counterparts [99]. However, while in the HO-1-/- mice
most of the tumors were benign papillomas, HO-1+/* mice formed invasive carcinomas
[99]. In the present study, to further investigate the role of HO-1 in the tumor initiation
and progression, we subjected mice of different HO-1 genotype to 4NQO-induced oral

carcinogenesis.

Carcinogenesis in the oral cavity caused by 4NQO resembles better the human HNSCC
characteristics than other models, such as DMBA-induced cancers [187]. It was also
shown that 4NQO in drinking water results in a higher and more rapid cancer incidence
than the topical application few times a week [188]. Therefore, we treated HO-1+/+, HO-
1+/- and HO-1-/- C57BL/6xXFVB mice with 4NQO in drinking water. In addition to HO-1

deficient mice, we employed also a new model of transgenic mice harboring human HO-
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1 cDNA under the control of keratin 14 promoter, with specific overexpression of HO-1
in proliferating epithelial cells. After 18 weeks of treatment almost all mice developed
lesions on their tongues, but we did not observe any differences in tumor incidence and
lesion numbers between the mice with different HO-1 genotypes. The number of lesions
on the esophagi per animal was not significantly changed between the groups, however
the number of affected animals was higher in HO-1/- group and lower in HO-1-
overexpressing mice compared to the control group. Majority of HO-1/- mice developed
lesions on esophagi, whereas HO-1-overexpressing TG mice seemed to be protected -

only 20% in the group were affected.

Protective effect of HO-1 expression is in concordance with majority of the previously
published human studies. The role of HO-1 in oral carcinogenesis was mainly
investigated in the human populations of Asia, where the incidence of HNSCC is
relatively higher than in Western countries. According to Taiwanese study by Chang et
al. HO-1 promoter polymorphism is associated with the risk of oral carcinogenesis in
areca chewers [189]. Lower number of GT repeats was associated with decreased risk of
0OSCC development [189]. As lower number of GT repeats results in higher HO-1

expression [190], HO-1 seems to play a beneficial role in oral carcinogenesis.

While the protective effect of HO-1 in initial carcinogenesis has been documented, there
is no consistent notion on its role in more advanced tumor stages. It was suggested that
HO-1 might be protective not only during first steps of OSCC, but also in more advanced
stages of tumor development. Japanese study by Tsuji et al. correlates high HO-1
expression in OSCC with low risk of lymph node metastasis [191]. Later study by the
same group confirms the previous observation on the larger and more uniform group of
patients [192]. Namely, lower expression of HO-1 was associated with higher incidence

of lymph node metastasis and higher percentage of poorly differentiated samples [192].

On the other hand, Lee et al. reported that expression of HO-1 was increased in OSCC
specimens from areca chewers in comparison to normal epithelium samples from non-
areca quid chewers, and high HO-1 levels were associated with metastatic tumors [193].
However, the results were not compared to the control group of the healthy areca
chewers. In the same study HO-1 upregulation by major areca nut alkaloid, arecoline,
has been shown [193]. Thus, the higher HO-1 expression in OSCC specimens might be a

result of areca chewing itself, rather than distinctive features of OSCC cells. Other study
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shows correlation between HO-1 level, PCNA (proliferating cell nuclear antigen)

expression, and disease progression in oral dysplasia and SCC [194].

Although some of the results obtained by various groups may seem to be contradictory,
the differences might be explained, among others, by the different mechanisms of
carcinogenesis and variable environmental factors. Moreover, HO-1 expression might be
modulated by carcinogens, as shown in areca studies, what makes the interpretation of

HO-1 role in tumor development even more complicated.

Taking this observation into consideration, we also monitored how the 4NQO treatment
affects the HO-1 expression. As regulation of HO-1 occurs mainly at the transcriptional
level (reviewed in [40]), we used the real time-PCR method to quantify HO-1 mRNA.
Expression of endogenous HO-1 in the tongues after the 4NQO administration was not
changed in C57BL/6xFVB HO-1+/+ and HO-1*/- mice and decreased in C57BL/6 WT and
TG mice. It was already shown, that various mouse strains respond differently to
chemical carcinogenesis [195]. We have previously reported, that mice form mixed
strain C57BL/6xFVB have different serum concentrations of several cytokines than
parental C57BL/6 strain [56]. Moreover, differences in the level of HO-1 induction in
various mouse strains have already been shown. HO-1 was more strongly upregulated in
the liver of C57BL/6 than in C3H/He] mice fed with atherogenic diet [196]. Induction of
HO-1 was also higher in the lungs of C57BL/6 mice infected with influenza virus,

compared to C3H/He] [197].

In contrast to endogenous murine gene, expression of human HO-1 transgene in TG mice
was strongly upregulated after the treatment with 4NQO. This could be expected, as in
the TG mice hHO-1 transgene is located under control of keratin 14 promoter, known to
be activated in proliferating epithelial cells [198]. Accordingly, keratin 14 expression
was also upregulated by 4NQO treatment, although not to such high extent, as was

hHO-1.

Apart from HO-1 we checked expression of another antioxidant enzyme, Sod1. In our
experiment 4NQO treatment increased expression of Sod1l in the tongue. In contrast,
Viswanadha at al. reported decreased SOD activity in the livers and kidneys of 4NQO
treated rats [199]. Apparently, the mechanisms of regulation of antioxidant genes can

vary between different organs. Moreover, the assay used by Viswanadha at al. measures
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total SOD activity [200], which results from the enzymatic activity of a few SOD isoforms.
Our group has previously reported the increased Sod1 expression in the liver of mice
treated locally with DMBA/PMA [99]. These results suggest that as an antioxidant
enzyme induced by carcinogens, Sodl might play a protective role in chemical

carcinogenesis.

When analyzing the HO-1 expression at mRNA level, it has to be noticed, that HO-1
activity is modulated also by posttranscriptional modifications. Among them, the
truncation of C-terminus and subsequent translocation to the nucleus has been
evidenced as important for tumor development. Wegiel and colleagues showed that
nuclear HO-1 may play different role in cancer progression than the active cytoplasmic
HO-1 [113]. Furthermore, it was shown that HO-1 expression and nuclear translocation
were higher in the tumor tissue than in the adjacent healthy tissue in the study with
HNSCC [117]. However, the nuclear HO-1 did not seem to be involved in 4NQO
carcinogenesis model. Although we did not compare immunohistological stainings of the
tongue tissue sections systemically, in the few tested specimens we did not observe any

HO-1 translocation to the nucleus (data not shown).

The valuable information about HO-1 role in carcinogenesis may be gained not only
from the endpoint analysis, but also from the kinetics of acquired changes during the
4NQO administration. However, due to the nature of the model used, we were not able
to monitor the tumor appearance in 4NQO-treated mice during the course of
experiment. The parameter which could indirectly demonstrate the pathological
changes in the gastrointestinal tract of mice, was the weight loss. In the first few weeks
of experiment, 4NQO treatment inhibited the weight gain in all groups, with exception of
HO-1-/- mice, which showed significant decrease of the weight. Inhibition of weight gain
in rats [201, 202] or slight weight loss in mice [188] were reported after treatment with
4NQO. A study by Barcessat et al. shows that the weight gain inhibition after 4NQO
treatment is not caused by decreased food intake, but rather by catabolic effect induced
by 4NQO [202]. Moreover, Barcessat et al. described the systemic toxic effect of 4NQO
affecting the liver, kidneys and WBC number [202]. Importantly, these changes were not
associated with carcinogenesis, but they were rather of degenerative or inflammatory
characteristics [202]. 4NQO decreases the levels of antioxidant enzymes (SOD, catalase,

glutathione peroxidase, glutathione-S-transferase) in the kidney and liver of rats [199].
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This might explain the weight loss and decreased survival of HO-17/- mice at the
beginning of 4NQO treatment. More than half (10 out of 19) of the HO-1-/- mice and only
two mice from other groups had to be euthanized in the first few weeks of experiment.
HO-1 was shown to protect mice from cisplatin-mediated acute kidney injury [203] and
LPS-mediated hepatic necrosis [46]. Thus in our study HO-1-deficient mice were most
probably more sensitive to 4NQO toxicity than HO-1-expressing mice, as they have
decreased antioxidant capacity in the basal conditions. Therefore, in our study the 4NQO
model did not allow us to compare kinetics of the carcinogenesis in HO-1-/- mice, due to

acute proinflammatory toxicity.

The malignant transformation of squamous epithelium is linked with alteration of cell
differentiation. Therefore, we analyzed if HO-1 can modulate this process. As the
markers of 4NQO-induced dysregulation of epithelial differentiation, we checked the
expression of keratins at mRNA level in the tissue lysates form the tongues of control

mice and mice treated with 4NQO.

Specific pairs of keratins, consisting of acidic and basic forms, are expressed in certain
types of epithelium and heterodimerize to form intermediate filaments (reviewed in
[204]). Importantly, characteristic pattern of aberrantly expressed keratins allows the
identification of the cancer type [204]. Normal non-keratinized stratified squamous
epithelium expresses keratins pairs 5/14 in basal layer, where cells proliferate, whereas
more differentiated cells express keratins 4/13 [198, 205]. Expression of Krt5 was
elevated in oral mucosa of rats treated with 4NQO [206]. Though, in our study Krt5
mRNA was only upregulated in HO-1*/- mice after 4NQO treatment, in all other
genotypes it was not affected. We observed significant increase of Krt14 expression only
in HO-1+/- mice, however Krt14 was also slightly increased in HO-1 TG mice, where HO-1
is under Krt14 promoter. Treatment with 4NQO downregulated Krt4 expression in all
treated genotypes, but the effect was the strongest in HO-1/- mice. This shows that
treatment with 4NQO decreases cell differentiation in oral epithelium and that HO-1
deficient mice are the most susceptible for the 4NQO-induced inhibition of proper

epithelial maturation.

Keratins 8/18 are not found in stratified epithelia and their aberrant expression is
associated with induction of cell motility and tumorigenicity [207]. Expression of keratin

8/18 was associated with decreased survival in OSCC [207]. In concordance with the
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literature data, we observed increased expression of keratin 8 mRNA in mice treated

with 4NQO in comparison to controls, except for HO-1-/- mice.

Expression of all tested keratins (4, 5, 8 and 14) tended to be higher in HO-1~/- mice than
in HO-1+/+ and HO-1*/- individuals. Thus, based on the altered keratins' expression we
suppose that HO-1 may affect the epithelial differentiation in the 4NQO model.

Nevertheless, this should by confirmed by histological examinations in future analyses.

The systemic effect of 4NQO treatment is reflected by changes in concentration of
cytokines. Indeed, we observed significant influence of HO-1 genotype on the cytokines
in sera of mice exposed to 4NQO. Namely, HO-1-/- mice treated with 4NQO had increased
concentration of IL-7 and MCP-1. Concentration of IL-7 and MCP-1 in serum of mice of
other genotypes, both control and 4NQO-treated, as well as control HO-1/- mice, was at
the border of detection. Consistently with our study, IL-7 and IL-12 proteins were
detected in the HNSCC tumor samples [208]. Level of IL-7 and IL-12 expression was not

related to the tumor stage, however high IL-7 was associated with better survival [208].

In another study, Luminex analysis of the panel of cytokines and growth factors revealed
elevated concentration of IL-6, IL-7, MIG, RANTES, HGF and EGF in the sera of patients
with HNSCC compared to healthy smokers [209]. We did not observe any effect of 4NQO
treatment on the concentrations of MIG and RANTES, while IL-6 was elevated similarly
in all HO-1 genotypes. Regardless of 4NQO treatment IL-6 concentration tended to

increase in HO-1 deficient mice and decrease in HO-1 overexpressing mice.

MCP-1 was shown to be upregulated in the HO-1-/- mice in comparison to HO-1+/* mice,
both in control and stressing conditions [210]. Peritoneal macrophages isolated from
HO-1-/- mice produced higher amounts of IL-6 and MCP-1, than macrophages isolated
from HO-1*/+ counterparts [211]. However, CO treated mice had increased
concentration of IL-6, MCP-1 and IP-10 in plasma, in comparison to the mice breathing

air [74].

We also found that 4NQO treatment led to increase in MIP-la and eotaxin
concentrations in the sera of C57BL/6xFVB mice, regardless of Hmox1 genotype.
Noteworthy, eotaxin upregulates MMP3 (matrix metalloproteinase 3) expression and
promotes prostate cancer invasiveness [212]. Moreover, eotaxin can also stimulate

angiogenesis [213], which is one of the crucial hallmarks of cancer.
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Fig. 64. Blood cytokines concentration in control and carcinogen-treated HO-1 deficient mice.

Given the changes in cytokine concentrations after 4NQO treatment between the mice
with different HO-1 genotypes, it is justified to suspect that the numbers and phenotypes

of the immune cells in blood may be also affected.

To sum up, neither HO-1 deficiency, nor overexpression affects 4NQO-induced
oral carcinogenesis, however HO-1 expression seems to have a protective effect on
esophageal carcinogenesis. HO-1 deficiency increased the percentage of affected
animals, while HO-1 overexpression protected from esophageal changes. HO-1
deficiency modifies the concentration of cytokines that regulate immune response

in 4NQO model (Fig. 64).

6.2. HO-1 overexpression in cancer cells influences tumor infiltration with

immune cells

The importance of immune cells infiltrating the tumors has been shown in many studies
(reviewed in [136, 214]). Tumor infiltrating leukocytes have profound influence on the
cancer cell behavior, and oppositely - cancer cells affect the infiltrating immune cells.
Various subpopulations of myeloid cells are attracted to the tumor site and regulate
tumor growth, angiogenesis and metastasis [215, 216]. Tumor microenvironment
modifies myeloid cells which infiltrate the tumor causing the shift towards the

immunosuppressive phenotype (reviewed in [217]). As HO-1 is an immunomodulatory
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enzyme, and we found that HO-1 influences the cytokines regulating immune response,
next we investigated if HO-1 overexpression in cancer cells might influence the tumor

infiltrating leukocytes.

We transduced murine SCC VII cell line with retroviral vectors containing HMOX1 gene.
In the in vitro experiments we did not observe any significant differences between the
cells with normal and increased HO-1 level. Overexpression of HO-1 did not affect SCC
VII proliferation, migration, invasion or adhesion to endothelial cells. Both, control and
HO-1 overexpressing cell lines produced cytokines which are chemoattractants for the
immune cells, also those involved in the regulation of tumor growth: M-CSF, VEGF, MCP-

1, RANTES, IP-10.

Apart from being a hematopoietic growth factor, M-CSF is also a chemoattractant for
monocytes and macrophages [218, 219]. VEGF, in addition to its direct proangiogenic
effects, is one of the factors which induce expansion of MDSC (reviewed in [136]). MCP-
1, a well-known monocyte/macrophage chemoattractant, is also important for myeloid
cells-induced tumor angiogenesis [220]. In accordance, MCP-1 receptor, CCR2 is
necessary for recruitment of myeloid suppressor cells to the tumor site [221]. RANTES
was shown to induce monocyte migration to breast cancer [178], whereas IP-10 may
stimulate the recruitment of Tregs into the tumor [222]. Thus, SCC VII cells provide a

good model to study the migration of various immune cells to the tumor.

To assess if HO-1 can modulate the immune cell recruitment into the tumor, we injected
control and HO-1-overexpressing cells into syngeneic mice. The tumors were growing
for 5, 14 and 32 days. Importantly, due to technical limitations connected with numbers
of accessible mice, these were 3 independent experiments, not the 3 time-points of the
same experiment. Therefore, it has to be taken into consideration that several factors,
mainly changes in SCC VII cell lines and different age of mice could have influenced the

obtained results.

Firstly, we compared the growth kinetics of tumors derived from SCC VII-Luc and
SCC VII-Luc-HO-1 cells. We employed in vivo luciferase activity measurements as the
method of monitoring the tumor growth in time. As the tumor cells were injected
subcutaneously in the Matrigel matrix, the measurement with caliper might not reflect

the tumor growth, especially at initial time points. Namely, the initial volume comes
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from the plug itself and lateron it depends not only on tumor cells proliferation, but also
on the Matrigel degradation. Therefore, we used the caliper to assess tumor size only in

the later phase of tumor growth.

However, we encountered some difficulties in interpretation of the luciferase activity
measurements. First, while measuring the luciferase activity in SCC VII cells in vitro we
observed higher activity in SCC VII-Luc-HO-1 than in SCC VII-Luc. This was unexpected,
as the HO-1-overexpressing cells were derived from the established SCC VII-Luc cell line.
Moreover, at the time when modified SCC VII cell lines were created, luciferase activity
was similar in both of the lines. Nevertheless, this hindrance could be solved by
normalization of the signal to initial values, as we tested that both cell lines produced

signal above the detection limit.

Second, we observed that luciferase activity in tumors did not correlate with the actual
tumor size. We excluded some possible reasons for such discrepancy - differences in
vasculature and substrate delivery into tumors. In vitro test performed in tumor lysate
samples showed much higher luciferase activity in those from SCC VII-Luc-HO-1 tumors
than from SCC VII-Luc tumors. What could explain this observation is the different
content of necrosis in tumors . We recently showed that that the ratio of luciferase signal
to volume of the tumor may be used as indicator of necrosis [223]. Thus, it could be
possible that bigger SCC VII-Luc were more necrotic and therefore were not able to
produce the luciferase signal comparable to smaller SCC VII-Luc-HO-1 tumors. However
the trichrome staining did not show significant areas of necrosis in any examined tumor

specimen.

Apart from monitoring the growth of primary tumors we tried to evaluate the presence
of potential metastases. We observed a possible formation of micrometastases in the
liver only in mice with the control SCC VII tumors and not in that with HO-1
overexpressing tumors. Similar association was found in the discussed earlier human
studies on OSCC, where tumors with higher expression of HO-1 in OSCC specimens were
associated with lower risk of lymph node metastasis [191, 192]. On the other hand, HO-1
deficiency in myeloid cells reduced metastasis of subcutaneously grown tumors [224],

so HO-1 expression in different cell types seems to affect metastasis in opposite ways.
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The main aim of the experiment was not only to compare how SCC VII cells with
different HO-1 levels grow, but also to verify if HO-1 level in cancer cells affects tumor
infiltration with immune cells. It is well evidenced that HO-1 plays an important role in
hematopoietic cells. HO-1 is an essential factor in myeloid cells differentiation. It was
shown that deletion of HO-1 in myeloid lineage inhibits differentiation to macrophages,
as evidenced by decreased expression of CD14, Mac3 and M-CSFR markers [74]. CO
produced by HO-1 increases M-CSFR expression on myeloid cells and enhances their
differentiation toward macrophages [74]. Recently, study by Nemeth et al. revealed that
HO-1 plays an important role in TAMs in the prostate cancer [225]. Specific deletion of
HO-1 in myeloid cells was associated with suppressed tumor growth but, at the same
time, with increased epithelial to mesenchymal transition (EMT) [225]. HO-1*/* bone
marrow derived macrophages (BMDM) expressed higher level of VEGF and IL-10 at
mRNA level, than did HO-1*/- BMDM [224]. HO-1*/- myeloid cells were recruited to the
premetastatic niche in lower numbers than HO-1*/* myeloid cells [224]. However, it is
poorly understood how HO-1 expression in tumor cells regulates infiltration of immune

cells.

After 2 weeks, the HO-1 overexpressing tumors were more heavily infiltrated with
Ly6Cle MHC IIM and Ly6Cle MHC II'* TAM. Both TAM subsets were shown to have
proangiogenic activities [185]. Interestingly, HO-1 overexpressing tumors were also
more heavily infiltrated with CD11b* F4/80* Tie-2* myeloid cells. Tie-2 expressing
monocytes (TEM) were identified as the most important proangiogenic myeloid cells
recruited to tumors [146]. TEM were found in healthy human blood and tumor samples,
but not in non-malignant tissues other than blood [226]. Higher infiltration of SCC VII-
Luc-HO-1 tumors with TAM and TEM cells might suggest the higher degree of
angiogenesis than in the control tumors. Indeed, in concordance with higher content of
proangiogenic cells, tumors from SCC VII-Luc-HO-1 cells tended to be more vascularized
than control tumors, assessed by 3D USG Power Doppler examination (Witold Nowalk,

unpublished data).

Apart from the myeloid cells, we also analyzed selected lymphoid populations. We
observed lower CD4/CD8 T cell ratio and smaller percentage of CD4* CD25* T cells of
Treg phenotype in the HO-1 overexpressing tumors than in control tumors. CD4/CD8

ratio of tumor infiltrating lymphocytes (TIL) was shown to be an important
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characteristics in several human studies. Shah et al. described higher 5-year survival in
the group of cervical cancer patients with high CD4/CD8 ratio of TIL than in patients
with low CD4/CD8 ratio [227]. Higher CD4/CD8 ratio of TIL was observed in cervical
cancer patients without lymph node metastasis, but there was no difference in CD4/CD8
ratio in PBMC between the groups [228]. However Piersma et al. reported lower
CD4/CD8 ratio in cervical cancer patients without lymph node metastasis compared to
patients with lymph node metastasis [229]. Interestingly, we observed the influence of
HO-1 overexpression in tumor on peripheral T cell phenotypes. Mice with SCC VII-Luc
tumors had higher CD4/CD8 ratio in blood than mice with SCC VII-Luc-HO-1 tumors.

However, we did not observe the difference in Treg numbers in peripheral blood.
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Fig. 65. Effects of HO-1 overexpression in tumor cells on peripheral blood and tumor infiltrating leukocytes.

To indicate the possible mechanism that mediates differential infiltration and
mobilization of leukocytes by SCC VII-Luc and SCC VII-Luc-HO-1 cells we analyzed the
cytokine concentrations in blood. One month, but not at earlier time points, after SCC VII

cell line injection we observed systemic effects of HO-1 overexpression in tumor cells.
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Mice harboring SCC VII-Luc-HO-1 tumors had increased concentrations of eotaxin, LIX,
MIG and IP-10. As discussed earlier, increase in eotaxin concentration is associated with
carcinogenesis, also in the 4NQO model that we used. Of note, MIG and IP-10 signal
through the same receptor, CXCR3, which is present on activated T cells and regulates

their trafficking [230].

Finally, we decided to study the effect of systemic pharmacological induction or
inhibition of HO-1 on tumor infiltration. In our experiment, CoPP (commonly applied
HO-1 inducer) did not influence the overall leukocyte infiltration to empty or SCC VII
cells-containing Matrigel plugs. However, CoPP affected the structure of infiltrating cell
populations - percentage of MHC IIlow Ly6Clew cells was increased and, at the same time,
percentage of MHC IIh Ly6Clew cells was decreased in both plug types in mice treated
with CoPP.

Previously, CoPP was shown to possess proangiogenic properties. Bussolati et al
proposed that CoPP, used to upregulate HO-1, induces the non-inflammatory
angiogenesis by increasing endothelial cell proliferation and, at the same time, may
reduce inflammatory angiogenesis due to inhibition of leukocyte infiltration [63].
However, it has to be stated that CoPP may also exert HO-1-independent effects [231].
On the other hand, authors of this study used LPS as the proinflammatory stimulus [63],
and the role of HO-1 in attenuation of acute inflammatory response might have a

different effect than upregulation of HO-1 alone, as in our experimental setting.

To sum up, HO-1 overexpression in tumor cells increased the tumor infiltration

with myeloid cells and affected the types of infiltrating cells (Fig. 65).

6.3. CoPP mobilizes cells form the bone marrow to blood

In one of the experiments we aimed to investigate how pharmacological modulation of
HO-1 affects immune cell infiltration of tumors. We injected the mice with HO-1 inducer,
CoPP and HO-1 inhibitor, SnPP. Unexpectedly, we noticed that mice injected with CoPP
have increased number of WBC in the blood. Among WBC, the percentage of
granulocytes and monocytes significantly increased, whereas that of lymphocytes
decreased. Moreover, treatment of mice with CoPP increased the blood concentration of

several cytokines, IL-5, IL-6, [P-10, MCP-1 and, most notably, G-CSF. We found these
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observations to be potentially important in the hematological field and decided to study
more deeply the phenomenon of CoPP-induced mobilization and its potential

application.

G-CSF is one of the most important hematopoietic growth factors. It regulates
granulopoiesis and neutrophil survival, but also plays a role in development and
migration of other myeloid cells (reviewed in [232]). Although different mobilizing
factors can induce cell release form the bone marrow to the blood, G-CSF is essential for

neutrophil mobilization [233]. It also mediates mobilization of HSC (reviewed in [234]).

It has not escaped our attention that cytokines other than G-CSF, which were also
induced by CoPP, could have mobilizing properties. IL-5 is a cytokine produced by T
cells, which, together with IL-3 and GM-CSF, is important for terminal differentiation of
eosinophils [235], but was also shown to influence basophil functions [236]. Most
importantly, IL-5 induces mobilization of eosinophils from the bone marrow [237].
However, the increase in IL-5 concentration was relatively small and eosinophils
constitute only a small percentage of all granulocytes. Although mobilization of
eosinophils by CoPP can contribute to the total granulocyte increase, the most important

mobilized cell type seems to be neutrophils.

IL-6 appears to be an important effector of CoPP-induced mobilization. IL-6 was shown
to be crucial cytokine produced by HPSC responsible for myeloid differentiation [238].
IL-6 alone is able to induce mobilization of granulocytes into the blood [239]. Finally,
MCP-1 is mainly responsible for recruitment of monocytes [240], while IP-10 is
important for recruitment of T cells [230] and chemotaxis of NK cells [241]. Of the other
cytokines important in the differentiation pathway from HSC to granulocytes that we

investigated, GM-CSF and IL-3 were unaffected by the CoPP treatment.

We hypothesized, that CoPP increases G-CSF concentration in the blood, and thereby
induces mobilization of cells from the bone marrow. To assess if the effects of CoPP
treatment resemble treatment with G-CSF, we directly compared both factors. We
injected C57BL/6xFVB mice with recombinant human G-CSF, CoPP or appropriate
control vehicles, NaCl and DMSO, respectively. We observed increased number of CD45+
cells in peripheral blood after both tested compounds, however, the increase caused by

G-CSF was more pronounced. Monocytes and NK cells increased similarly after G-CSF
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and CoPP, whereas only G-CSF increased number of lymphocytes. Those results
suggested that, in general, G-CSF and CoPP cause similar mobilization of cells, but their

mechanisms of action are not identical.

Furthermore, detailed flow cytometry characterization revealed that granulocytes
mobilized by CoPP are more granular and have higher expression of Ly6G antigen, so
they phenotypically resemble mature granulocytes found in the control mice, rather
than granulocytes from G-CSF treated mice. To evaluate the functional maturity of CoPP-
and G-CSF-mobilized granulocytes we measured the ROS production after in vitro
stimulation of cells with E. coli We found, however, no major differences in ROS
production in response to bacteria between the cells isolated from G-CSF- and CoPP-
treated mice. Nevertheless, it has to be noted, that here the flow cytometry analysis
showed lower increase in percentage of granulocytes in mice treated with G-CSF and
CoPP in comparison to controls, than observed in the previous experiments. Thus, we
cannot exclude the possibility that with the higher mobilization rate, some differences in

ROS production could be observed.

To look for the possible reason for different mobilization of granulocytes by G-CSF and
CoPP, we examined the lineage restricted progenitors in the bone marrow. The whole
population of lineage restricted progenitors is characterized by c-Kit* Lin- Sca-1-
phenotype (KLS-). Percentage of KLS- cells in the bone marrow was more decreased
after G-CSF than after CoPP. Using CD34 and SLAM markers, CD48 and CD150, we were
able to distinguish three different subsets of KLS- population: MEP, EP and GMP [242].
Percentage of MEP and EP in the bone marrow were similarly decreased in G-CSF- and
CoPP-treated mice in comparison to controls, whereas in peripheral blood number of

MEP was more increased after CoPP than after G-CSF.

G-CSF, but not CoPP treatment caused the decrease in GMP percentage in the bone
marrow. This might suggest, that G-CSF, but not CoPP causes release of GMP from the
bone marrow to the blood. However, this is inconsistent with observation that mice
mobilized with CoPP had higher number of GMP in the peripheral blood than mice
treated with G-CSF. This could mean that CoPP accelerates myelopoiesis at earlier stages
of hematopoiesis, e.g. through acting on hematopoietic stem cells, or regulating
differentiation of GMP differently than G-CSF. These hypotheses have to be verified

experimentally during next studies.
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One of the most important applications of G-CSF in therapy is the mobilization of HSC for
their subsequent isolation and transplantation, either auto- or allogenic (reviewed in
[162]). We wanted to verify if mobilization of HCS could be achieved by treatment of
mice with CoPP. We showed that CoPP mobilized higher number of HSPC than G-CSF,
both KLS and KLS-. Importantly, also KLS CD48- CD150* cells of HSC phenotype were
also better mobilized by CoPP than by G-CSF.

KLS CD48- CD150* cells were shown to be a true HSC population, capable of long-term
multilineage reconstitution [186]. To prove the stem cell characteristics of HSC cells
mobilized by CoPP, we transplanted PBMC mobilized by CoPP and G-CSF to lethally
irradiated mice. Mice which received CoPP-mobilized cells recovered faster after
transplantation, as evidenced by higher WBC and platelet numbers. The donor
chimerism in WBC, granulocytes and B cells was higher from 2 to 16-18 weeks after
transplantation in CoPP group in comparison to G-CFS. Only in T cells, the donor
chimerism was initially higher in G-CSF than in CoPP group, but after 18 weeks it was
reversed. These results prove that CoPP mobilizes functional HSC from the bone marrow
to blood. Moreover, CoPP mobilizes higher number of functional HSC than G-CSF. To
confirm the long term repopulating potential of HSC mobilized by CoPP, bone marrow
cells isolated from primary recipients were further transplanted to secondary recipients.

However, this experiment is still in progress.

Our initial hypothesis was that CoPP increases G-CSF concentration, and this is a direct
trigger to mobilize the neutrophils into peripheral blood, which in turn produce a set of
other cytokines. However, when we treated the mice with a single injection of CoPP, it
were IL-6, MCP-1 or KC that were induced first. The maximal increase in G-CSF
concentration was observed later than peaks of IL-6, MCP-1 or KC. Moreover, when we
measured cytokine concentration in the plasma of mice treated with G-CSF and CoPP,
only CoPP increased concentrations of MIG, KC and IP-10. G-CSF elevated IL-6, but the

level of induction was very low, compared to the IL-6 induction by CoPP.

Concentration of MCP-1 was increased in mice treated with CoPP in comparison to those
treated with the solvent, DMSO, but was not changed significantly in response to
administration of G-CSF. MCP-1 regulates IL-6 and G-CSF expression. Accordingly, MCP-
1 deficient mice have impaired IL-6 and G-CSF expression, accompanied by reduced

neutrophil influx into the ischemic area after stroke [243]. MCP-1, MCP-3 and their
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receptor, CCR2 are crucial for monocyte regress from the bone marrow and their

recruitment to the inflammatory site [240].

Another cytokine elevated after CoPP, but not after G-CSF treatment was KC. The
receptor for KC is CXCR2 and its expression on neutrophils is necessary for G-CSF-
induced release of neutrophils from the bone marrow to the blood [244]. Nevertheless,
there are more CXCR2 ligands and those responsible for neutrophil egress have not been
identified [245]. Among them, MIP-2 is likely to play a role in CXCR2-dependent
mobilization as bone marrow stromal cells produce MIP-2 after stimulation with G-CSF

[244].

Of other CXCR2 ligands that we investigated were LIX and MIP-2. Concentration of LIX
was not significantly affected by CoPP or G-CSF in comparison to their solvent controls,
however it was slightly higher in the plasma of mice treated with CoPP than those
treated with G-CSF. MIP-2 was not detected in the plasma of mice treated with CoPP, but

we did not measure MIP-2 concentration in mice treated with G-CSF.

Altogether, we think that the main factor which drives the CoPP-induced mobilization is
G-CSF. However, there are several other potential mediators: IL-6, MIG, KC, and IP-10
that are upregulated by CoPP, but not by GCSF. It is likely that these cytokines are

responsible for the differences between mobilization induced by CoPP and G-CSF.

Nevertheless, our observation that injection of CoPP upregulates G-CSF, IL-6 and other
cytokines and thereby mobilizes the cells, is still pure correlative. We considered how to
verify if G-CSF or IL-6 have a mechanistic role in the CoPP induced mobilization. A way
to prove it would be to inject the G-CSF or IL-6 deficient mice with CoPP. These genetic
mouse models are elegant scientific tools, but in our case possess some important
limitations. Although mature and functional neutrophils develop in G-CSFR-/- mice [157],
the G-CSF-/- mice have a reduced number of neutrophil precursors in the bone marrow
and do not respond to the mobilization as do the wild type counterparts [156].
Similarly, IL-6/- mice fail to increase neutrophil counts in response to Listeria
monocytogenes [246] and Candida albicans [247] infections. Therefore, in our opinion,
the employment of IL-6 or G-CSF/G-CSFR deficient mice would not prove that the effect
of CoPP depends on IL-6 and/or G-CSF.
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Moreover, the signaling involved in mobilization of cells comprises many different cell
types. Lulu et al. generated various G-CSFR* and G-CSF- chimeras using bone marrow
transplantation, in which they studied HPC mobilization with G-CSF [160]. Their results
show that expression of G-CSFR neither on HPC surface nor on the stromal cells is
necessary for mobilization with G-CSF [160]. The authors concluded that G-CSF signals
in trans to induce mobilization of HPC [160]. It is likely, that CoPP-induced mobilization
is based on several interplaying pathways. Thus, mouse model deficient in only one of

these pathways would not help us to understand the mechanism of CoPP action.
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Fig. 66. Effect of CoPP on mobilization of cells from the bone marrow to blood.

When discussing the molecular factors underlying the CoPP action, one may ask what is
the effect induced by the CoPP solvent, DMSO, itself. It can have anti-inflammatory
properties. For example, DMSO inhibited the LPS-induced MCP-1 expression, but did not
influence IL-6 and TNFa expression in the whole blood and PBMC [248]. However, both
MCP-1 and IL-6 were shown to be inhibited by DMSO in Caco-2 intestinal cells [249].
Furthermore, it was reported that DMSO downregulated HO-1 expression in human
promyelocytic leukemia cell line, HL-60 [250]. Downregulation of HO-1 activity by
DMSO or ZnPP led to increased differentiation of HL-60, as evidenced by upregulation of
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CD11b expression [250]. In contrast, CoPP treatment decreased CD11b expression
[250].

Recently, it was shown that G-CSF treatment depletes certain macrophage populations
from the bone marrow niches, facilitating HSC egress from the bone marrow [251].
Treatment of mice with clodronate depleted CD11b* F4/80* Ly6G* macrophages,
leading to HSC mobilization into the blood [251]. We observed decreased number of
macrophages, among them CD11b* F4/80* macrophages with high or low expression of
MHC 1I, in the bone marrow of mice treated with G-CSF and CoPP. Moreover, among
these macrophages, Ly6G* subpopulation was decreased after G-CSF or CoPP
administration. This suggests, that the effect of G-CSF and CoPP on the bone marrow

niche, specifically on macrophages, is similar.

The initial purpose why we injected the mice with CoPP was to investigate the effect of
HO-1 induction on immune cells migration to the Matrigel plug containing tumor cells.
CoPP is a known HO-1 inducer, used in many in vitro and in vivo studies and the majority
of effects of CoPP have been attributed to HO-1 activity. It is known that HO-1~/- mice
have increased leukocytosis [46] and MCP-1 concentration in plasma [210]. Despite the
fact, that we observed similar elevation in control, DMSO-injected HO-1-/- mice, CoPP
was able to further increase WBC and granulocyte counts, as well as G-CSF, IL-6 and
MCP-1 concentrations. This shows, that effect of CoPP on mobilization of cells from the

bone marrow does not depend on HO-1.

CoPP activates HO-1 expression by destabilization of Bach1 repressor and stabilization
of the Nrf2 transcription factor [252]. Hmox1 is only one of many genes activated by
Nrf2, thus we wanted to verify if CoPP acts on the hematopoietic system through Nrf2.
We treated the Nrf2-/- mice with CoPP. Such a treatment affected the blood parameters
in Nrf2+/+ and Nrf2-/- mice in the same way. This proves that CoPP-induced mobilization

of cells from the bone marrow to blood is independent of Nrf2 transcription factor.

Spleen enlargement is one of the known side effects of G-CSF treatment [253]. We
observed a similar increase in relative spleen weight in C57BL/6]JxFVB mice treated
with G-CSF and CoPP. However, the spleen weight was unaffected by CoPP treatment of
C57BL/6] Nrf2+/+ and Nrf2-/- mice regardless of genotype. It is known that the spleen

enlargement after G-CSF treatment can vary between the mouse strains [254].
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Moreover, small effect of G-CSF treatment was accompanied by lower rate of
mobilization of WBC [254]. C57BL/6 mice are regarded as poor mobilizers in
comparison to other strains. In majority of our experiments C57BL/6xFVB mice
mobilized WBC better than did C57BL/6. Our results may indicate that crossing of
C57BL/6 with FVB improved the C57BL/6 mice ability to mobilize cells in response to
CoPP. However, we did not perform the direct comparison between the two strains at

the same time, so this has to be confirmed.

In majority of C57BL/6 mice the level of G-CSF-induced mobilization was very low. After
tratment of mice with G-CSF, two groups of mice could be distinguished according to the
numbers of mobilized granulocytes and KLS cells: one group showed no response while
the second group, consisting of less than a half of mice, mobilized efficiently
granulocytes and KLS cells. However, such division was not visible in mice treated with

CoPP. CoPP-treated mice efficiently mobilizaed both cell types in majority of mice.

It is known that there is a number of patients who do not respond to G-CSF treatment
[162]. Thus, the obtained results after G-CSF mobilization in C57BL/6 mice are similar to
clinical practice. Given that CoPP was an efficient mobilizing agent in C57BL/6 mice,
where G-CSF failed, there is a possibility, that also patients who do not respond to G-CSF

treatment could be successfully treated with CoPP or its derivative.

Although CoPP is not found in normal conditions in the organism, it may be formed in
vivo after CoCl: injection [255]. Metalloporphyrins in which iron is replaced by other
metals, are able to induce HO-1 expression at mRNA and protein level, just as heme does
[256, 257]. However, non-heme porphyrins inhibit the enzyme activity [256, 257]. The
increase of HO-1 expression CoPP prevails over the transient inhibitory effect of CoPP
on HO-1 activity [256]. Oppositely, SnPP inhibits HO-1 activity more strongly than CoPP
and at the same time less potently upregulates HO-1 expression [256]. In overall,
concerning the final effect, CoPP is used as HO-1 inducer and SnPP as HO-1 inhibitor, but

one has to remember that both can exert similar activities.

Ghoreschi et al. elucidated the mechanism of cytokine expression regulation by HO-1
[258]. Their study shows that fumarate treatment of DC upregulates HO-1, which is
cleaved and translocated to the nucleus. In the nucleus HO-1 associates with AP-1 or

NFkB binding sites in the IL-23p19 promoter, where it interferes with transcriptional
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activity. As a result, HO-1 decreases IL12p19 transcription [258]. Expression of MCP-1 in
liver DC at mRNA level was decreased in mice treated with CoPP, while RANTES and IP-
10 were unaffected [259]. However, the inhibitory effect of CoPP on dendritic cell

maturation was shown to be independent of HO-1 [231].

The possibility that porphyrins may possess several activities that are independent of
their HO-1 modulatory function was already proposed by Blumenthal and coworkers
[257]. They showed that both CoPP and SnPP, can directly inhibit caspase-3 and -8
activity, independently of HO-1 [257]. Both of these caspases were shown to play a role
in hematopoiesis [260]. Inhibition of caspase-3 and -8 decreases human neutrophil

apoptosis [261].

Two other studies indicate the HO-1-independent modulation of immune reaction by
CoPP. One of them shows that CoPP inhibited LPS-stimulated activation of inducible
nitric synthase (iNOS) in RAW264.7 macrophages by blocking JNK phosphorylation
[262]. Silencing of HO-1 with siRNA did not affect iNOS inhibition by CoPP [262].
Similarly, cyclooxygenase-2 (COX-2) upregulation by CoPP in microglia was proved to be
HO-1-independent by the use of HO-1 siRNA [263].

CoPP has also been reported to regulate myeloid differentiation - it induced
differentiation of monocytic THP-1 cell line into macrophages [264]. Treatment of THP-
1 cells with CoPP led to increased expression of CD11b, MMP9, CD14 and ICAM-1 and
was correlated with the decrease of redox factor-1 (Ref-1) [264].

There are two studies showing that HO-1 decreases mobilization of cells from the bone
marrow. However, both of those studies demonstrate only how HO-1 modulates the
effect of other mobilizing factors. In the study by Konrad et al. CoPP or CoPP with SnPP
were injected to the mice before injection of LPS [265]. Pretreatment of mice with CoPP
decreased mobilization of neutrophils from the bone marrow and their migration to the
lungs. In this case, HO-1 attenuated the inflammatory response evoked by LPS [265]. In
the study by Wysoczynski et al., SnPP was injected with G-CSF or AMD3100 [266]. SnPP
potentiated the mobilizing effect of G-CSF and AMD3100 on HSPC, but given alone did
not affect the mobilization of WBC [266]. In our study, CoPP increases the mobilization
of both leukocytes and HSPCs, whereas SnPP does not have any effect on measured

parameters. However, the effect of CoPP or SnPP injection alone can differ from the
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combination of CoPP or SnPP with other factors. Therefore, our results do not contradict
the data obtained by others [265, 266]. SnPP is an inhibitor of HO-1 enzymatic activity,
but it also upregulates HO-1 expression at protein level [256]. Some observed effects of
SnPP administration may be though related to the possible non-enzymatic activity of

HO-1, e.g. as the regulator of transcription.

We demonstrated that Nrf2 and HO-1 do not mediate the CoPP-induced mobilization of
cells. There are, however, some other transcription factors that could possibly be
involved in this process. Bach1 and Bach2 are DNA-binding proteins, which work mainly
as transcriptional repressors [267]. Heme regulates Bachl expression by binding to
Bach1 protein and inducing its nuclear export [268]. Furthermore, heme was shown to

induce the ubiquitination and proteasomal degradation of Bach1 [269].

Expression of Bachl mRNA is the highest in various HSPC populations: HSC, MEP and
GMP. Its continues to be very high in monocytes and granulocytes, but also in T-cell
lineage (Fig. 67, [270]). In contrast, Bachl mRNA level is very low in the CLP, and in the
cells from B-cell development pathway [270]. Also BachZ2 mRNA is expressed in various
HSPC populations, with the highest level in the B-cell lineage and mature T cells, and
much lower in MEP, GMP, monocytes and granulocytes (Fig. 67, [270]).

Bach2”/- and Bach17/-Bach2/- mice have increased number of CD11b* and Grl* cells in
peripheral blood [271]. It was shown that Bach2 is repressing myeloid genes by direct
binding to their promoters [271]. On the other hand, Bachl and BachZ redundantly
repress Hmox1 expression [272]. As heme binds to Bach1 and Bach2 and inhibits their
activity, this provides the negative feedback loop for the control of Hmox1 expression.
Because heme binds to both Bachl and Bach2 [272], and CoPP binds to Bachz, it is
possible that CoPP could inhibit also Bach2. We can thus suspect that CoPP binds to the
Bach2 and by this way derepresses myeloid genes. This in turn could move the balance
of hematopoiesis towards myeloid lineage. However, this hypothesis has to be verified

experimentally.
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Probeset Meta Profile Bach1 expression
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Fig. 67. Bachl and Bach2 expression during hematopoietic cell differentiation (graphs generated form the
database Gene Expression Commons, Mouse Hematopoiesis model, [270]).
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One of the potential mechanisms of CoPP-induced cell mobilization could be an
activation of STAT3, the positive regulator of expression of both IL-6 and G-CSF [273].
Using a dominant negative STAT3 Shimozaki et al. showed that STAT3 is important for
the G-CSF induced morphological changes during the differentiation of neutrophils, but
not for the MPO expression [274]. However, it was later reported, that STAT3 is not
needed for G-SCF-induced neutrophil differentiation, but rather functions as a negative
regulator of granulopoieis, allowing for the control of the proper neutrophil number
[273]. It was shown, that G-CSF and IL-6 increase expression and phosphorylation of
STAT3 in neutrophils in bone marrow, what leads to increased expression of Mmp9 and
Bv8 [180]. These changes were associated with proangiogenic and protumorigenic
function of neutrophils [180]. Importantly, it was shown, that CoPP treatment induces
the expression of STAT3 in the liver [231]. Increased expression of STAT3 in the liver
could result from CoPP-induced production of G-CSF and IL-6, but on the other hand, it

may also suggest, that STAT3 mediates CoPP-induced mobilization of cells.

Another possible transcription factor that could mediate the CoPP activity in
hematopoietic system is FoxO1l, which has already been shown to take part in
upregulation of HO-1 expression by CoPP [275]. CoPP increases FoxO1 expression and
increases FoxO1 binding to Hmox1 promoter [275]. FoxO transcription factors are
important in protecting HSC from oxidative stress [276]. However, Fox01, FoxO3 and
Fox04 deficiency did not alter myeloid differentiation of HSC [276]. In the end, FoxO1
mRNA expression is very low in the cells of myeloid lineage [270], so it seems unlikely

that FoxO1 mediates CoPP effects on mobilization of granulocytes.

Along with investigation of molecular mechanism beyond CoPP-induced mobilization
and its connection with GCSF, our studies indicate that CoPP may have a potential

clinical application.

Currently, G-CSF is widely used in clinical practice for mobilization of HSC for further
transplantation, as well as for the treatment of neutropenias of various origin, especially
in prevention of neutropenia as a side effect of chemotherapy. However, G-CSF-induced
HSC mobilization fails in 5-30% of healthy donors and up to 60% of high-risk patients
[162]. Moreover, although G-CSF therapy reduces incidence of neutropenia, it does not
significantly decrease infection-related mortality [277]. That is why new therapeutic

options are needed, which will further reduce the incidence and duration of
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neutropenia, leading to decreased mortality [166] and increase the yield of mobilized
HSC for transplantations [162]. Of advantage would be a drug that could activate the G-
CSF receptor/induce endogenous ligand and have additional activities [166]. CoPP
possesses such characteristics - it upregulates endogenous G-CSF, but also induces other
cytokines, among them IL-6. One of the CoPP advantage over the G-CSF are potentially
lower costs: G-CSF is a recombinant protein, while CoPP is well-known molecule with

established synthesis methods.

Given that various metalloporphyrins (Mps) were considered for the therapeutic
applications already in the early 80’s, the potential application of CoPP is tempting. For
example, SnPP was proposed to be a drug for neonatal hyperbilirubinemia [278]. Since
then, many clinical trials were conducted using SnPP or tin mesoporphyrin (SnMP)

(reviewed in [279]).

Metalloporphyrins are usually administered i.v. in the in vivo setting. Some studies show
no difference in HO-1 activity after oral administration of Mps [280, 281]. However,
certain Mps were shown to be orally absorbed and able to modulate HO-1 activity in
mice [282]. Moreover, lipid-based formulation of ZnPP was recently reported to be
orally absorbed in neonatal mice [283]. It is important, though, to notice, that majority of
the studies on oral administration of Mps were aimed to inhibit HO-1 activity. Increase
of Hmox1 gene expression could be much easier than inhibition of enzymatic activity,
thus, there is a possibility that CoPP-based drug could also be administered orally.
However this issue is still to be investigated and confirmed experimentally. Moreover,

toxicity testing is needed to confirm the safety of potential use of CoPP as a drug.

To sum up, administration of CoPP results in the mobilization of functional
granulocytes and HSPC into the blood, what correlates with increased plasma
concentrations of G-CSF, IL-6 and MCP-1 (Fig. 66). This effect is independent of HO-
1 and Nrf2.
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7. SUMMARY

The aim of this study was to investigate the role of HO-1 in the development and
progression of squamous cell carcinoma. Basing on the literature data we formulated

two hypotheses, which we tried to verify experimentally.

We did not confirm our 1st hypothesis, that HO-1 protects against chemical oral
carcinogenesis. Using 4NQO-induced carcinogenesis we showed that endogenous HO-1
deficiency did not affect oral carcinogenesis. However, HO-1 deficiency increased
susceptibility for esophageal carcinogenesis and HO-1 overexpression seemed to have a
protective effect. Moreover, HO-1 deficiency affected the cytokine production in

response to 4NQO.

Next, using the model of subcutaneous tumor injection into syngeneic mice we partially
confirmed the 2rd hypothesis, that HO-1 overexpression in cancer cells facilitates
tumor growth, angiogenesis and infiltration with suppressive leukocyte
populations. Although results concerning the tumor growth were inconclusive and
need further investigation, HO-1 overexpressing tumors were more heavily infiltrated
with certain population of leukocytes. HO-1 overexpression in tumor affected also

peripheral T cells phenotype and cytokine concentrations.

Finally, we were able to confirm the additional, 34 hypothesis, that CoPP induces the
mobilization of cells from the bone marrow to blood. We showed that CoPP induces
mobilization of functional, ROS-producing granulocytes and HSC, which are able to
rescue hematopoiesis in lethally irradiated mice. Those effects are probably mediated
manly by G-CSF and IL-6, but other cytokines such as MCP-1, KC or IP-10 might also be
involved. Finally, we show that effects of CoPP-induced mobilization are HO-1- and Nrf2-

independent.

In conclusion, HO-1 might affect both esophageal squamous cell carcinogenesis and

immune response to the growing tumor. CoPP could be used as a mobilizing agent.
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