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 Thesis Abstract 

Photodynamic therapy (PDT) relies on the administration of a photosensitizer (PS) that 

is activated on the target tissue after the irradiation with light of a specific wavelength 

absorbed by the PS. Redaporfin is a recently developed photosensitizer for PDT that is 

currently in phase 2 clinical trials (NCT02070432). Redaporfin is a photostable 

bacteriochlorin with intense infrared absorption, high yield of ROS generation, high 

phototoxicity, low skin photosensitivity and favorable pharmacokinetics. A vascular 

protocol of redaporfin-PDT with mice bearing CT26.WT tumors not only destroys the 

primary tumor but also reduces the development of metastasis, thus suggesting antitumor 

immunity.  

This work characterizes the immune response triggered by this vascular-PDT protocol. 

At different timepoints after tumor irradiation, blood samples were collected, and distinct 

immune cell populations and cytokines were quantified. Redaporfin-PDT leads to a 

strong neutrophilia, with systemic increase of IL-6, increased percentage of CD4+ and 

CD8+ T cells producing IFN-γ or CD69+ and increased CD4+/CD8+ T cell ratio. We also 

showed that at the tumor bed, T cell tumor infiltration disappeared after PDT but 

reappeared with a much higher incidence one day later. The depletion of specific immune 

populations suggested that neutrophils and cytotoxic T cells have a major role in the 

development of the antitumor immune response elicited by redaporfin-PDT, while helper 

T cells may just have a supportive role. 

Regarding this, we hypothesize that the combination of redaporfin-PDT with an immune 

therapy may potentiate the efficacy of both therapies, namely by increasing the response 

rates of immunotherapies and strengthening the systemic effects of PDT, especially in 

difficult tumors to treat. The tumor models were selected taking in consideration that 

redaporfin-PDT is capable of eliciting immunogenic cell death (ICD) and may be able to 

enhance the immunogenicity of tumor cells.  

Melanoma and mammary carcinoma tumors are recognized to be more aggressive and 

difficult to treat than most mouse tumor models, namely colon carcinoma. The response 

to redaporfin-PDT was evaluated in mouse mammary carcinoma expressing luciferase 

(4T1-luc2) and in mouse skin melanoma (B16F10) tumor models, and PDT parameters 

were optimized to maximize the impact on tumors while minimizing treatment lethality. 
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A significant edema that later progressed to necrosis was observed in both tumor models. 

However, cures were only achieved with the B16F10 tumor model. Imaging with 

photoacoustic tomography suggested that the lower content of redaporfin in 4T1 tumors 

is the main reason for the challenging behavior of this orthotopic 4T1 model. 

The antitumor effect elicited by PDT is in some cases opposed by the immunosuppressive 

mechanisms elicited by tumor cells which makes the treatment ineffective. Thus, 

immunotherapies that have as major goal the alleviation of this immunosuppressive tumor 

environment are interesting for combination therapies, increasing the efficacy with better 

antitumoral and antimetastatic effects. We reported a combination of redaporfin-PDT 

with immunotherapies using CTLA-4 and PD-1 in three different tumor models. 

Treatment outcomes were evaluated by survival, tumor growth kinetics and, for the 

carcinoma model, observation of metastasis development by bioluminescent imaging. 

Furthermore, we evaluated the changes on expression of several immune checkpoint 

molecules triggered by redaporfin-PDT in vitro.  

Combination of redaporfin-PDT with CTLA-4 immunotherapy, but not with PD-1, led to 

a significant improvement of survival and a higher cure rate in the colon carcinoma 

animal model. However, the same was not achieved with the melanoma and breast 

carcinoma animal models. Expression of immune checkpoint molecules was induced in 

tumor cells treated in vitro with redaporfin-PDT. The most notable changes were 

observed for CD80 and PD-L1. These results demonstrate that the combination of 

photodynamic therapy with immunotherapy may improve the treatment of malignant 

diseases that represent a challenge to immunotherapies alone and highlights the fact that 

a global therapeutic strategy may not be ideal for every tumor model. Combinatorial 

approaches are not universal and have to be tailored to the specificities of each clinical 

case. 

 

Keywords:  

photodynamic therapy, redaporfin, cancer, antitumor immune response, 

immunotherapy, immune checkpoint blockers, metastasis, medicinal chemistry 
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 Resumo da Tese 

A terapia fotodinâmica (PDT, do inglês, photodynamic therapy) consiste na 

administração de um fotossensibilizador (PS, do inglês, photosensitizer) que é ativado no 

tecido alvo após a irradiação com luz com um comprimento de onda absorvido pelo PS. 

A redaporfin é um fotossensibilizador desenvolvido recentemente para a PDT e que está 

atualmente em ensaios clínicos fase 2 (NCT02070432). A redaporfin é uma 

bacterioclorina fotoestável com intensa absorção no infravermelho próximo, elevado 

rendimento de formação de espécies reativas de oxigénio (ROS, do inglês, reactive 

oxygen species), elevada fototoxicidade, baixa fotossensibilidade da pele e uma 

farmacocinética favorável. A aplicação de um protocolo de PDT vascular com redaporfin 

em murganhos com tumores de carcinoma do cólon (CT26.WT) não só destrói o tumor 

primário como também reduz o desenvolvimento de metástases, sugerindo assim o 

aparecimento de imunidade anti-tumoral. 

Este trabalho caracteriza a resposta imunitária desencadeada através deste protocolo de 

PDT vascular. Em tempos pré-determinados após a irradiação do tumor foram feitas 

colheitas de sangue e foram quantificadas as diferentes populações de células imunes e 

citocinas envolvidas na resposta imunitária. A PDT com a redaporfin provoca uma forte 

neutrófilia, um aumento sistémico da IL-6, um aumento da percentagem de células CD4+ 

e CD8+ T que produtoras de IFN-γ ou CD69+ e um aumento do rácio de células T 

CD4+/CD8+. Ao nível do leito tumoral, a infiltração de linfócitos T desaparece após a 

PDT, mas reaparece com muito maior incidência 24 h mais tarde. A depleção de 

populações de células imunes específicas demonstrou que os neutrófilos e as células T 

citotóxicas desempenham um papel importante no desenvolvimento da resposta imune 

anti-tumoral desencadeada pela PDT com redaporfin, enquanto que as células T auxiliares 

parecem desempenhar apenas um papel de suporte.  

Tendo isto em consideração, propomos que a combinação da PDT com a redaporfin e a 

imunoterapia pode potenciar a eficácia de ambos os tratamentos, nomeadamente através 

do aumento da taxa de resposta às imunoterapias bem como o reforço do efeito sistémico 

da PDT, especialmente em tumores difíceis de tratar. Os modelos tumorais utilizados 

nestes estudos foram selecionados tendo em conta que a PDT com a redaporfin é capaz 

de gerar morte celular imunogénica e aumentar a imunogenicidade das células tumorais 

tratadas. 
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Os melanomas e carcinomas mamários são reconhecidos por serem bastante mais 

agressivos e difíceis de tratar do que a maioria dos modelos tumorais de murganho usados, 

como o carcinoma do cólon. A resposta à PDT com redaporfin foi avaliada em murganhos 

com modelos tumorais de carcinoma mamário que expressa luciferase (4T1-luc2) e de 

melanoma da pele (B16F10). Os parâmetros da PDT foram otimizados para maximizar o 

impacto no tumor primário e minimizar a letalidade do tratamento. Em ambos os modelos 

foi observado edema que posteriormente evoluiu para necrose, contudo, apenas foram 

obtidas curas no modelo de melanoma. Recorrendo a tomografia fotoacústica verificou-

se que o baixo conteúdo de redaporfin que consegue aceder ao tumor pode ser a principal 

razão para a falta de eficácia no modelo ortotópico de 4T1. 

A resposta anti-tumoral desencadeada pela PDT é por vezes neutralizada por mecanismos 

imunossupressores desencadeados pelas células tumorais que diminuem a eficácia do 

tratamento. Deste modo, as imunoterapias que têm como função atenuar o ambiente 

tumoral imunossupressor aparentam ser promissoras em terapias combinatórias que 

ambicionam aumentar a eficácia dos efeitos anti-tumorais e anti-metastáticos. Neste 

estudo, reportamos a combinação da PDT com redaporfin e as imunoterapias usando a 

CTLA-4 e a PD-1 em três modelos tumorais diferentes. Os resultados dos tratamentos 

foram avaliados através do tempo de sobrevida, da cinética de crescimento tumoral e, 

para o caso do modelo do carcinoma mamário, do desenvolvimento das metástases 

analisado através de imagiologia de bioluminescência. Posteriormente, as alterações da 

expressão de diferentes moléculas dos checkpoints imunitários em células tumorais foram 

avaliadas após a PDT in vitro. 

A combinação da PDT com a redaporfin e a imunoterapia com CTLA-4, mas não com a 

PD-1, originou uma melhoria significativa da sobrevida e um aumento da taxa de curas 

no modelo de carcinoma do cólon de murganhos. Contudo, o mesmo não se verificou 

para os modelos de melanoma e de carcinoma mamário.  

O aumento da expressão de moléculas dos checkpoints imunitários foi induzido de forma 

significativa nas células tumorais após o tratamento de PDT in vitro. As alterações mais 

notáveis foram observadas para CD80 e PD-L1. Os resultados sugerem que a combinação 

de PDT com imunoterapia pode ser eficaz no tratamento de tumores que são um maior 

desafio para a imunoterapia como tratamento isolado. Isto salienta a ideia de que uma 

estratégia terapêutica global pode não ser a ideal para todos os modelos tumorais. As 
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estratégias combinatórias não são universais e necessitam de ser adaptadas às 

especificações de cada caso clínico.  

 

Palavras chave:  

terapia fotodinâmica, redaporfin, cancro, resposta imune anti tumoral, imunoterapia, 

bloqueadores de checkpoints imunitários, metástases, química medicinal 
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 List of Photosensitizers 

Table 1. Molecular structures of some photosensitizers for PDT, as well as their excitation 

wavelength. 

PpIX Hypericin 
Photofrin/  

Porfimer Sodium 

Verteporfin/  

BPD/ Visudyne 

Porphyrin Naphthodianthrone Porphyrin Porphyrin 

630 nm 595 nm 630 nm 690 nm 

 
 

 
 

 

PS-3/  

Photosan-3 
ATX-S10(Na) 

mTHPC/ 

Temoporfin/ Foscan 

Talaporfin/  

NPe6/ Laserphyrin 

Porphyrin Porphyrin Chlorin Chlorin  

670 nm 670 nm 652 nm 660 nm 

 
 

  

 

Redaporfin/  

LUZ11/ F2BMet 

WST11/  

Padeliporfin/ Tookad Soluble 
BAM-SiPc 

Bacteriochlorin Bacteriochlorin Phthalocyanine 

749 nm 762 nm 676 nm 
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AlS2Pc ClAlSPc IR700 

Phthalocyanine Phthalocyanine Phthalocyanine 

670 nm 675 nm 690 nm 

  

 
 

HPPH/  

Photochlor 

MLu /  

Lutetium texaphyrin 
2I-EtNBS 

Pyropheophorbide-A Texaphyrin Phenothiazine 

665 nm 732 nm 654 nm 

  

 

    

Bremachlorin 

Mixture of chlorin e6 (i), purpurin 5 (ii) and chlorin p6 (iii) 

662 nm 
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 Definition of Terms 

Table 2. Description of terms and abbreviations referred over this thesis. 

Term Definition 

17.1A 

monoclonal antibody 

specific for the epithelial 

cell adhesion molecule 

antigen 

ADCC 
antibody-dependent cellular 

cytotoxicity 

ANXA1 
annexin A1, DAMP, 

hallmark of ICD 

AP-1 

activator protein 1, a 

transcription factor that 

regulates gene expression 

APC antigen presenting cell 

ATP adenosine triphosphate 

B7-1/B7-2 

the same of CD80/CD86, 

membrane protein found in 

activated APCs 

BCG 
Bacillus Calmette-Guérin, 

live bacteria vaccine 

BCR B cell receptor 

C225 
mAb anti-epidermal growth 

factor receptor 

C3 

component 3, most 

important and abundant 

complement protein 

C3a, C5a 

proteins formed by the 

cleavage of other 

complement components 

CD11b/c 

glycoproteins only 

expressed in monocytes, 

macrophages, NK cells, 

neutrophils and granulocytes 

CD152 same as CTLA-4 

CD19 
expressed in all B lineage 

cells 

CD25 

IL-2 receptor alpha chain, 

plays a critical role in the 

development and 

maintenance of Tregs 

CD274 same as PD-L1 

CD279 same as PD-1 

CD28 

protein expressed on T cells 

that provide co-stimulatory 

signals required for T cell 

activation and survival 

CD3 

protein complex and T cell 

receptor involved in T cells 

activation 

CD4 

glycoprotein found on the 

surface of immune cells, 

such as T helper cells, 

monocytes, macrophages, 

and DCs 

CD40 

co-stimulatory protein 

expressed by APCs, required 

for their activation 

CD49 

adhesion molecule of the 

integrin family, upregulated 

on armed effector T cells 

needed for both migration 

and activation of these cells 

CD69 

early activation marker that 

is expressed in 

hematopoietic stem cells, T 

cells, and other immune 

cells 

CD8 
glycoprotein found on the 

surface of cytotoxic T cells 

CD80 

/CD86 

also designated as B7-1/2, 

expressed by APCs, co-

stimulatory signal for T cell 

activation by interaction 

with CD28 

CF 
Complete Freund adjuvant, 

solution of antigen 

CP 

Corynebacterium parvum 

adjuvant, an anaerobic 

diphtheroid 

CpG-ODN 
CpG oligodeoxynucleotide, 

adjuvant 

CRT 

calreticulin, soluble ER 

protein that binds to 

misfolded proteins 
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CTL cytotoxic T lymphocyte 

CTLA-4 

cytotoxic T lymphocyte-

associated antigen 4, 

immune checkpoint, 

negative regulator of T-cell 

immune function 

CY 
cyclophosphamide, type of 

alkylating agent 

Cy5.5 near infrared fluorescent dye 

DAMP 
danger associated molecular 

pattern 

DBPMAF 

D3-binding protein-derived 

macrophage activating 

factor 

DC dendritic cell 

DD drug dose 

DLI 

drug-to-light interval, time 

between PS injection and 

irradiation 

DMXAA 

5,6-dimethylxanthenone-4-

acetic acid, a vascular 

disrupting agent 

DTx 

diphtheria toxin, an exotoxin 

secreted by 

Corynebacterium 

EGFR 
epidermal growth factor 

receptor 

ER 

endoplasmic reticulum, 

organelle responsible for 

folding of proteins and 

transport to GA 

FDA 
Food and Drug 

Administration 

FOXP3 

forkhead box P3, protein 

regulator of Tregs 

development and function 

GA 

Golgi apparatus, organelle 

involved in protein and lipid 

transport, and lysosome 

formation 

GC 

glycated chitosan, galactose 

molecules attached to the 

chitosan molecule 

G-CSF 

granulocyte colony-

stimulating factor, cytokine 

and hormone, glycoprotein 

that stimulates granulocytes 

and stem cells production 

GFP green fluorescence protein 

GM-CSF 

granulocyte macrophage-

colony stimulating factor, 

cytokine, white blood cell 

growth factor 

Gr1 
granulocytic marker, made 

up of Ly6C and Ly6G 

HER1 
epidermal growth factor 

receptor in humans 

HER2-ECD 
human epidermal receptor-2 

extracellular domain 

Hip1 
huntingtin-interacting 

protein 1 – tumor antigen 

HMGB1 

high mobility group box 1 

protein, released during cell 

injury or inflammation 

HSP 

heat shock protein, 

chaperone proteins and 

cellular marker of stress 

HpD Hematoporphyrin derivative 

i.m. intramuscular 

i.p. intraperitoneal 

i.v. intravenous 

ICAM-1 

adhesion molecule, cell 

surface receptor that 

mediates interaction 

between cells 

ICB immune checkpoint blockers 

ICD immunogenic cell death 

ICG Indocyanine green 

ICD immunogenic cell death 

iDC immature dendritic cell 

IDO 

indoleamine 2,3-

dioxygenase, immune 

checkpoint 

IF 
Incomplete Freund, immune 

modulator 

IFN-γ 
interferon gamma, soluble 

cytokine 

IgG 
immunoglobulin G, type of 

antibody 
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IL 
interleukin, group of 

cytokines 

IMQ 
imiquimod, immune 

modulator 

iNOS 
inducible nitric oxide 

synthase 

KD knockdown 

LD light dose 

LDL low density lipoprotein 

LRP1/CD91 

low density lipoprotein 

receptor-related protein 1 or 

cluster of differentiation 91, 

involved in receptor-

mediated endocytosis 

LT 

lymphotoxin, cytokines that 

regulate growth and function 

of lymphocytes 

Ly6G/Ly6C 

markers for identifying 

neutrophils, eosinophils, and 

subsets of monocytes/ 

macrophages 

M1/2 

macrophage 

classification of 

macrophages according to 

their functionality 

mAb monoclonal antibody 

MAC 

membrane attack complex, 

formed on cell membranes 

and caused by complement 

activation 

MAF 
macrophage-activating 

factor, lymphokine 

MHC 
major histocompatibility 

complex 

MIP-2 
macrophage inflammatory 

protein 2 

NFκB 
nuclear factor kappa B, 

transcriptional factor 

NIR near infrared 

NK natural killer 

OC125 

antigen expressed in 80 % of 

the non-mucinous ovarian 

cancers 

OK-432 Streptococcal preparation 

o.t. orthotopic 

p16 

protein that slows cell 

division and act as a tumor 

suppressor 

P1A 
tumor antigen only 

expressed in tumor cells 

p40 
protein, subunit of IL-12 and 

IL-23 cytokines 

p53 

tumor protein p53 or cellular 

tumor antigen p53 – act as a 

tumor suppressor 

PA photoacoustic 

PBMC 
peripheral blood 

mononuclear cell 

PD-1 

programmed death 1, 

immune checkpoint, 

negative regulator of T-cell 

immune function 

PD-L1 

programmed death ligand 1, 

immune checkpoint, 

negative regulator of T-cell 

immune function 

PDT photodynamic therapy 

PIT 

photoimmunotherapy, 

combines PDT and 

immunotherapy 

PRR pattern-recognition receptor 

PS photosensitizer 

ROS reactive oxygen species 

s.c. subcutaneous 

siRNA 

small interfering RNA, class 

of double-stranded non-

coding RNA molecules 

SLP 
synthetic long peptides, 

personalized peptide vaccine 

SPG 
Schizophyllan, immune 

modulator 

TAA tumor associated antigen 

TAM 
tumor associated 

macrophages 

TDLN tumor draining lymph node 

TGF-β 
transforming growth factor 

beta, cytokine 

Th1/2/17 subtypes of helper T cell 
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TIL tumor infiltrate lymphocyte 

TLR 

toll-like receptor, class of 

proteins expressed on the 

membrane of leukocytes 

TNF-α 

tumor necrosis factor alpha, 

cytokine that promotes 

inflammation 

Treg 

regulatory T cell, a 

subpopulation of CD4+ T 

lymphocytes associated with 

immunosuppressive 

mechanisms 

Trp tryptophan 

VEGF 
vascular endothelial growth 

factor, angiogenic factor 
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Table 3. Cell lines description. Description of several cell lines implemented in vitro and in vivo 

experiments to evaluate the efficacy of photodynamic therapy and reported in this thesis. 

Cell Line Description 

4T1 
murine mammary carcinoma cell line from a BALB/cfC3H mouse, 

mimics stage IV human breast cancer 

4T1-fluc/ 

4T1-luc2 
4T1 cell line transfected with the luciferase gene 

A431 human epidermoid carcinoma cell line, HER1 overexpressing cell line 

AsPC-1 human pancreatic ductal adenocarcinoma cell line 

B16F1/B16F10 murine melanoma producing melanin from C57BL/6J mouse 

CT26.WT/ 

CT26/ Colo26 
murine colon carcinoma cell line from BALB/c mouse 

CT26.CL25 
CT26 stably transduced with the retroviral vector LXSN that contains the 

lacZ gene encoding the model TAA beta-galactosidase 

DA3 murine lymphoma cell line from DBA/2 mouse 

ECA109 human esophageal squamous cell carcinoma cell line 

E0771 murine malignant neoplasms of the C57BL/6 mouse mammary gland 

EMT6 murine mammary carcinoma cell line from BALB/cCrgl mouse 

FaDu human hypopharyngeal squamous cell carcinoma cell line 

FSaR murine fibrosarcoma from C3H mouse 

H460 human lung large cell carcinoma cell line 

HepG2 human hepatoblastoma cell line 

HT29 human colon adenocarcinoma cell line 

J774 
murine monocyte/macrophage (reticulum cell sarcoma) cell line from 

BALB/cN mouse 

LLC murine Lewis lung carcinoma cell line from C57BL mouse 

M2R mouse melanoma cell line, a clone of transplantable B16 melanoma cells 

MB-49-luc murine urinary bladder carcinoma from C57BL6 mouse 

MC38 murine colon adenocarcinoma cell line from C57BL6 mouse 

MGH human lung squamous cell carcinoma 

MKN45 human gastric cancer cell line  

MS-2 human pleural malignant mesothelioma cell line (fibrosarcoma) 

NK92MI human IL-2 independent Natural Killer cell line from the NK-92 cell line 

NXS2 murine neuroblastoma cell line derived from A/J mice 

OVCAR3 human high grade ovarian serous adenocarcinoma cell line 

P1.204 P1A antigen-negative murine mastocytoma cell line derived from P815 

P815 murine mastocytoma cell line from DBA/2 mouse, P1A antigen-positive 

Panc-1 human pancreatic ductal adenocarcinoma cell line 

PECA murine squamous cell carcinoma of the NMRI mouse skin 

RIF-1 murine fibrosarcoma cell line from C3H mouse 
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RIF-1 EGFP  RIF-1 cell line expressing GFP 

S91 mouse melanoma from DBA mouse 

SCC human squamous carcinoma cell line 

SCCVII murine squamous carcinoma cell line from C3H mouse 

SiHa human papillomavirus-related cervical squamous cell carcinoma cell line 

SQ2 
murine anaplastic cell line generated from an SCC tumor that developed 

spontaneously in a male BALB/c mouse 

TC1 tumor cell line derived from primary lung epithelial cells of C57BL/6 mice 

TRAMP-C2 murine carcinoma of the C57BL/6-TgN mouse prostate gland cell line 

TUBO murine mammary carcinoma cell line from BALB/neuT mouse 

NPC human nasopharyngeal carcinoma cell line 
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Table 4. List of animal models.  Description of animal models implemented in photodynamic 

therapy in vivo experiments and reported over this thesis. 

Animal Model Description 

A/J 

inbred albino strain of mouse model, frequently used in cancer research, has 

a strong tendency to develop tumors when presented with common 

carcinogens 

BALB/c 

inbred strain of laboratory albino mice, with white coat; ideal for general 

multipurpose model, hybridoma development, monoclonal antibody 

production and infectious disease 

C57BL/6 

inbred strain of laboratory mice, with dark brown coat: ideal for general 

multipurpose model, diet-induced obesity, transgenic/knockout model 

development, safety and efficacy testing and immunology 

DBA/2 

inbred strain of laboratory mice, with dilute brown coat; oldest of all the 

inbred strains of mice, ideal for safety and efficacy testing, immunology 

and audiogenic seizures 

C3H 
inbred strain of laboratory mice, with dilute brown coat; ideal for safety and 

efficacy testing, oncology, neurological disorders, and retinal degeneration 

NMRI 

outbred model used as an experimental animal in the fields of biology, 

pharmacology and toxicology; develops a wide variety of spontaneous 

tumors and with an increasing incidence of renal disease with age 

nude 

the first immunocompromised mouse strain used in cancer research, 

hairless athymic mice that lack a normal immune system and thymus gland, 

thus with greatly reduced T cell production; ideal for tumor and tissue 

studies; available on both BALB/c and C57BL/6 background 

scid 

severe combined immune deficiency, mice with a genetic immune 

deficiency that affects their B and T cells; ideal for xenoengraftment of 

human cells and tissue, and hairless models to tumor imaging and 

measurements; available on both BALB/c and C57BL/6 background 



 

 



 

 

 

1 GENERAL 

INTRODUCTION  

 Photodynamic Therapy 

Light has been studied for its therapeutic properties for thousands of years, but the concept 

of “photodynamic action” was developed in the beginning of the last century (1903)1. 

Photodynamic Therapy (PDT) combines three main components: light, molecular 

oxygen, and a non-toxic dye (photosensitizer, PS). Individually none of them presents 

toxicity, but when combined they generate damage in the surrounding environment. The 

PS, that should present selectivity to the tumor, is activated by visible light delivered 

commonly by a laser with a specific wavelength usually matching the lowest energy 

absorption band of the PS. PDT effect is dependent on the localization of the PS and on 

the local delivery of light. This dual specificity represents a major advantage to minimize 

the side effects on unwanted tissues. 

1.1.1 Photochemistry 

The absorption of a photon with the appropriate wavelength activates the PS to an excited 

singlet state (1PS*) by exciting one electron into an orbital with higher energy. This 

unstable excited state can lose the excess of energy by fluorescence or internal conversion 

to the ground state (1PS). The excited state can also undergo an intersystem crossing 

process with spin inversion to form a long-lived excited triplet state (3PS*), according to 

the Jablonski diagram (Figure 1). The photochemical reactions that arise from the 

interaction of this triplet state with molecular oxygen generate reactive oxygen species 

(ROS) that cause the cytotoxic effect on the nearby cells. ROS may be generated by two 

types of mechanisms, type I and type II, which occur simultaneously and, in a ratio that 

is dependent on the treatment conditions. By type I mechanism the 3PS* undergoes 
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electron transfer reactions directly with a substrate to form radicals or radical ions, which 

further react with molecular oxygen and generates superoxide radical anion (O2
•-), 

hydrogen peroxide (H2O2) and hydroxyl radical (HO•). In some cases, namely when the 

PS has a sufficiently low oxidation potential, direct electron transfer from 3PS* to 

molecular oxygen to generate the superoxide ion is also possible2. Following the type II 

mechanism, the PS triplet state can transfer its energy to other triplet state molecules, such 

as molecular oxygen (O2) and generates the singlet oxygen (1O2)
3–5.  

 

Figure 1. Jablonski energy diagram illustrating the main events of PDT mechanism, leading 

to the generation of reactive oxygen species (ROS). The photosensitizer molecule (PS) is 

excited from ground state to excited singlet states (S1, S2, …) by the absorption of light at a specific 

wavelength. The excited molecule (PS*) can either decay to the ground state by radiative 

(fluorescence and/or phosphorescence) or nonradiative processes (internal conversion and/or 

intersystem crossing to the triplet state). The PS triplet excited state (T1) can further trigger the 

local production of cytotoxic ROS, such as singlet oxygen (1O2), superoxide radical anion (O2
•-), 

hydrogen peroxide (H2O2) and hydroxyl radical (HO•). 

1.1.2 Photosensitizers 

The ideal PS for PDT should have a manufacturing method with low cost and yield a high 

purity compound with a long shelf-life. It should have no toxicity in the dark and relative 

rapid clearance from the healthy tissues to minimize the phototoxic side effects. PSs 

should present absorption bands in the phototherapeutic window: higher than 650 nm 

where the tissues are more transparent and lower than 800 nm because longer wavelengths 
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does not have enough energy to excite oxygen molecules. PSs should also present long-

lived triplet with high triplet quantum yield, indicative of high capacity to generate ROS4. 

Most of the PSs studies are based on a tetrapyrrole structure, such as porphyrins, chlorins, 

bacteriochlorins or phthalocyanines. 

The first generation of PSs are hematoporphyrin and its derivatives (HpD). Photofrin –

porfimer sodium –, a purified HpD, was the first PS approved for PDT in 1993 and is still 

the most widely used PS6. Photofrin presents a weak band at 630 nm, which is used for 

clinical treatments due to the skin penetration for longer wavelengths. However, due to 

the weak absorption at this wavelength high light doses are required for effective tumor 

control (100-200 J/cm2). The drug doses required also lead to skin photosensitivity for 4-

12 weeks. ALA was the second molecule to receive treatment approval for PDT cancer 

treatment in 1999. ALA is the precursor of a natural PS, protoporphyrin IX (PpIX) which 

is then converted by ferrochelatase to heme. As tumors present lower ferrochelatase 

activity compared to other tissues, after ALA administration there is an accumulation of 

PpIX in tumor cells. Compared to photofrin, ALA has a more rapid clearance and a 

greater tumor selectivity that is attained by being topically or orally administered. 

However, the strong hydrophilicity of ALA prevents it from entering the cells and several 

alkyl ester derivatives have been developed to infiltrate the cell easier7,8. mTHPC is a 

meso-tetra-hydroxyphenylchlorin and was approved for PDT cancer treatment in 2001. 

mTHPC presents a much higher absorption at longer wavelengths (652 nm), which turns 

it into a more potent PS and increases the tissue depth penetration of light9,10. In a similar 

manner, Talaporfin is a second-generation chlorin based photosensitizer with absorption 

at 664 nm and is associated with lower skin phototoxicity compared to the previous11. 

Verteporfin, a benzoporphyrin derivative monoacid ring A, is activated by 689 nm light 

and presents specificity for high expression of low-density lipoprotein (LDL) receptors, 

such as in tumor cells. Verteporfin is rapidly cleared from the blood and follows a 

biphasic clearance12. The first phase of clearance from plasma has a half-life less than 20 

minutes and the slower second phase has a half-life less than 8 h13.  

Several improvements have been achieved in the development of PSs, but the current 

clinical approved PSs still present complications related to the clearance of the PS and 

the penetration of light which severely impact the treatment efficacy and the life quality 

of the patients. Over the last years, new photosensitizers based on a bacteriochlorin 

backbone seem to overcome some of these problems and revealed promising results. 
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WST11 is a negatively charged water-soluble palladium-bacteriochlorophyll derivative 

with absorption at 762 nm. WST11 presents a rapid clearance from circulation (t1/2=1.65 

min) after i.v. injection, which reduces the risk of photosensitivity but requires short DLI 

to achieve effectiveness14,15. Redaporfin is a synthetic amphiphilic bacteriochlorin with 

strong absorption in the phototherapeutic window (749 nm) and elevated generation of 

ROS. Redaporfin presents a 8 h plasma half-life and its pharmacokinetics profile allows 

to perform both cellular and vascular PDT protocols16–18. 

 
Figure 2. Phototherapeutic window for PDT. Endogenous chromophores, such as hemoglobin 

and melanin have absorption until the 650 nm, while water absorbs from the 900 nm. Over 850 

nm, light does not present enough energy to excite the molecular oxygen and generate ROS. These 

facts lead to the definition of the phototherapeutic window, from 650 to 850 nm, which is also 

corroborated by the optical penetration depth of light into skin. Adapted from19. 

1.1.3 Light 

Activation of PS in the target tissue requires that light penetrates the skin and reaches the 

localization of the lesion intended to be treated, and that it delivers enough energy to 

generate the ROS. Many efforts have been made to understand how light penetrates 

tissues, and to modulate light parameters and maximize the light dose20. Light can be 

reflected, refracted, scattered, or absorbed, depending on the tissue components. 
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Scattering and absorption are the most pronounced effects. Scattering is responsible for 

widening of the light beam and changes of its direction. Scatter increases for lower 

wavelengths5. Absorption is the most relevant process in terms of loss of light intensity 

with penetration. Tissues have endogenous chromophores that are responsible for the 

light absorption. For visible light, chromophores such as hemoglobin, myoglobin, 

melanin, and cytochromes play an important role. Regarding near infrared light, for 

wavelengths higher than 1300 nm, water has strong absorption bands. While at 600 nm 

the optical penetration depth into skin is about 1 mm, at 850 nm it is about 2.5 mm5,19. 

These limitations led to the designation of the “phototherapeutic window” between 650 

and 850 nm (Figure 2) where tissues present less absorption, and the penetration depth is 

higher. Many efforts have been made to design new PSs that present high absorption 

coefficients within this window4. 

1.1.4 PDT protocols and cell death mechanisms 

The efficacy of PDT depends on several parameters, such as the type of molecule, the PS 

concentration, the localization of PS, the light dose (fluence, J.cm-2), the dose rate 

(fluence rate, mW.cm-2), the drug-to-light interval (DLI), the oxygen availability and the 

tumor margins21.  

The effect of PDT on the tumor is then a result of several mechanisms that cause tumor 

destruction. These mechanisms are:  a) the direct cytotoxic effect of ROS in the tumor 

cells, that is dependent on the localization of the PS and availability of oxygen; b) the 

damage caused in the vasculature that lead to tumor hypoxia and anoxia; and c) the 

activation of an immune response against the tumor cells. These mechanisms complement 

each other and are crucial for the long-term tumor control1. ROS have a brief lifetime 

which means that their diffusion area is limited22,23. The lifetime of singlet oxygen in cells 

and its associated diffusion radius were recently established24: 3 µs, which corresponds 

to a diffusion radius of 200 nm over a period of 5 lifetimes. This also means that oxidative 

damage caused by PDT reflect the localization of the photosensitizer at the time of 

irradiation. 

In cases where illumination is performed briefly after PS administration, shorter DLI, the 

molecule is still on the vasculature (vascular-PDT), where the main damage will occur 

and usually leads to extensive necrosis. With longer DLI, illumination of lesions is 

performed when the PS had already had enough time for redistribution and was 
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internalized by cells (cellular-PDT). In this case, the cytotoxicity effect occurs directly in 

tumor cells, and the subcellular PS localization will determine the cell death mechanism. 

More hydrophobic PS tend to accumulate in endoplasmic reticulum (ER), Golgi 

Apparatus (GA) and/or mitochondria, while hydrophilic PSs usually follow the endocytic 

pathway and can be observed in lysosomes25. 

Under photooxidative stress, cell triggers several mechanisms that could result in 

removing/repairing the damaged material or in cell death, which depends on the severity 

of the damages. Survival mechanisms are usually regulated by transcription factors and 

intend to recover the cell homeostasis26,27. For example, ER stress usually culminates with 

the shutdown of protein synthesis caused by the accumulation of misfolded proteins. 

Transcription factors may be activated to mediate the expression of genes that restore the 

normal protein synthesis. Another reported survival mechanism is by the expression of 

genes and proteins responsible for destroying the oxidized biomolecules and electrophilic 

agents, such as antioxidant enzymes and multidrug transporters. Inhibitors of these 

feedback mechanisms, have been studied for improving PDT efficacy27.  

However, if the stress originated is too severe and repairing is not achievable, cell death 

mechanisms are triggered instead. Cell death mechanisms are complex and, in many 

situations, very difficult to identify due to the overlap of pathways and characteristics that 

occur among them. Necrosis, apoptosis and autophagy are the three best known and 

reported mechanisms of cell death in PDT, even though several other mechanisms are 

also well described25. In general, high photodamage protocols (high LD and/or high PS 

concentration) induce necrosis, moderate protocols induce apoptosis, while regimens 

leading to minor damage induce autophagy. The same PS can generate different cell death 

mechanisms and the same PDT protocol is likely to trigger more than one sort of cell 

death modality. Recently, Rocha et al. reported an in vivo study evaluating the necrosis 

depth in livers of rats after PDT with the PS redaporfin. The authors described the 

relation between the light dose and the depth of necrosis, with frontal and interstitial 

illumination. The authors were able to determine a “photodynamic threshold dose” of 

1.5x1019 photons.cm-3, which is defined as the number of photons absorbed by the 

photosensitizer per unit volume of tissue that produce tissue necrosis, and which is in 

agreement with the values for other photosensitizers28. These evidences are very useful 

in the clinical to improve the planning of protocols. 
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Necrosis is usually associated with PSs that present tropism for the cell membrane. Upon 

light activation, loss of membrane integrity, swelling and release of cellular contents 

occur, triggering a strong inflammation. Short periods of incubation may also contribute 

to trigger necrosis because the PS does not have time to internalize in the target organelles 

and is localized in the cytosol or in the membrane. 

Apoptosis is recognized as a regulated cell death mechanism, very complex and may be 

triggered with intracellular or extracellular perturbations. The mitochondrial pathway is 

the most reported in PDT and involves the permeabilization of the outer membrane of 

mitochondria. All the pathways end in activation of effector caspases, with formation of 

apoptotic bodies that are rapidly cleared by immune cells. Not just the PSs that 

accumulate in the mitochondria can trigger apoptosis, it is also reported that PSs with 

tropism for ER-Golgi activate this mitochondrial apoptosis mechanism. 

Autophagy is described as a survival mechanism, by clearing the damaged material, and 

as a death mechanism, in conditions where the clearing process ends up with permanent 

damages on organelles. Morphologically, autophagy is recognized by the formation of 

autophagosomes (double layer membrane vesicles) that engulf the damaged cellular 

content and degrade it after fusion with lysosomes. This process allows for the removal 

of damaged contents and reusage of the lysed contents for new processes.  

Immunogenic cell death (ICD) is described by the nomenclature committee on Cell Death 

201829 as an independent type of cell death mechanism that presents a spatial-temporal 

controlled manner of releasing ICD markers, a specific set of molecules. These ICD 

markers are danger-associated molecular patterns (DAMPs) that are released/expressed 

by cells after stress with the ability to be recognized by immune cells and stimulate an 

immune response. DAMPs include calreticulin (CRT), heat shock proteins (HSP), 

adenosine triphosphate (ATP), interferon (IFN), high-mobility group box-1 (HMGB1) 

and annexin A1 (ANXA1). It was proposed by Kroemer et al. that ICD must satisfy two 

criteria: a) in vitro treated cancer cells must trigger an immune response in vivo, in the 

absence of any adjuvant, and give protection against rechallenge to the same type of 

cancer cells.; b) when occurring in vivo must trigger a local immune response with 

recruitment into the tumor bed of immune cells of both arms of the immune system, and 

thereby inhibit the tumor growth by immune mechanisms30. Several PS have already been 

described to be ICD inducers through the reported expression of these ICD hallmarks25,31.  
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1.1.5 Tumor associated antigens  

The efficacy of photodynamic therapy depends on the immune system response of the 

host. This elicited immune response has been studied over the last years, motivated by 

positive outcomes observed in clinical cares32, and many advances have been made in the 

understanding of the mechanisms responsible for this response.  The development of new 

antitumoral strategies aims to find methodologies that can create long-term survival 

capable of eliminate any remaining tumor cells after the tumor ablation. Targeting tumor 

associated antigens (TAAs) and taking advantage of their capacity to stimulate an 

immune response have been described in several studies. Tumor antigens activate DCs 

and allow the CD8+ T cells to recognize and destroy tumor cells, triggering an adaptive 

antitumoral response. However, most of the tumors may decrease or even lose the 

expression of both MHC molecules and tumor antigens, or present mechanisms that 

inhibit the costimulatory signal required for APC / CTL effective function, thus reducing 

their immunogenicity, and avoiding the immune surveillance.  

According to their expressions, tumor antigens that trigger immune response can be 

categorized in four main categories: a) unique tumor-specific antigens, caused by somatic 

mutations in genes, such as p53 and p16; b) antigens which are present both in normal 

cells and tumor cells; c) tumor-antigens, present in several types of tumors but not in 

normal cells, such as P1A; d) antigens of viral etiology, such as Epstein-Barr virus, 

Hepatitis B virus33,34. 

One way of exploring this antigen-dependent immune response is to transduce tumor cell 

lines with tumor antigens, which will allow the immune system to recognize and 

selectively identify distant tumor lesions. GFP was used as a foreign antigen in GFP-

expressing tumors to evaluate if the PDT outcome would be different in comparison with 

the wildtype cell line. The results showed 100% cure rate of RIF-1 EGFP tumors after 

verteporfin-PDT, whereas the RIF-1 wildtype tumors all recurred. Cured mice were also 

resistant to RIF-1 EGFP and rechallenge with RIF-1 cells showed a decreased growth 

kinetic35. These results suggest that the presence of GFP as a foreign antigen potentiated 

the antitumor immune response and generated a long-term memory immune response. 

The same strategy was later tested with CT26 cell line and CT26.CL25, which express β-

galactosidase as tumor antigen and animals were treated with vascular verteporfin-

PDT36. All the animals with CT26.CL25 tumors were cured and showed resistance to 

rechallenge, but the animals with wildtype tumors did not. The isolated T lymphocytes 
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from cured animals were able to recognize and selectively destroy antigen-positive cells. 

A similar approach was used for P1A antigen, which is a naturally antigen expressed by 

mouse mastocytoma P815. PDT-induced antitumor immunity was evaluated in P815 

tumor model and P1.204, which is derived from P815 but is P1A antigen negative37. The 

results demonstrated that the lack of the antigen lead to significantly reduced survivals 

and lower rejection to tumor rechallenge when compared with the wildtype tumor model. 

CD4+ and CD8+ T cells also presented higher levels of intracellular cytokines in the 

antigen-positive model, revealing the antigen- and epitope-specific immune response 

elicited by verteporfin-PDT.  

Gollnick and coworkers reported in a clinical setting that PDT of basal cell carcinoma led 

to increased systemic immune response to Hip1, a tumor antigen associated with this 

tumor type32. Recognition of Hip1 by lymphocytes was increased in PDT treated patients, 

compared to surgery. These clinical evidences demonstrated that local PDT treatment 

could enhance the systemic antitumor immunity in patients. 
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 Systemic antitumor immunity elicited by PDT  

The efficacy of PDT in oncology depends both on its capacity to eradicate the local tumor 

and in its ability to induce a systemic immune response capable of detect and eliminate 

distant cancer lesions without causing damages in the healthy tissues38. Canti et al. 

reported in 1994 that PDT triggered an antitumor immunity, by demonstrating that cells 

isolated from lymph nodes of PDT-treated animals were able to inhibit the tumor growth 

when transferred to naïve hosts and that PDT-cured animals were able to resist a tumor 

rechallenge39. Several studies of PDT treatments with scid and nude mice have 

demonstrated the role of the immune system in the efficacy of treatments, providing no 

long-term cures or even no cures17,40–46. 

PDT is a promising alternative to conventional therapies, such as surgery and 

chemotherapy since it produces an acute inflammation and recruits immune cells to the 

illuminated area and also to distant tumors47. PDT can trigger an immune response either 

by the stress/cytotoxicity elicited in tumor cells and/or by the direct effect on the immune 

cell populations. As illustrated in Figure 3, PDT-treated cells produce danger signals 

(DAMPs) that increase the presentation of antigen by APC and increase the recruitment 

of T cells to the treated area. These activated T cells may recognize and destroy the 

remaining tumor cells of the illuminated area or create an immune memory to recognize 

this type of cells in the future or in a distant part of the organism, namely in metastases.  

DAMPs, danger associated molecular patterns, can be any molecule or a breakdown 

product of a molecule that is abnormally exposed or displayed in a wrong location due to 

damage that occur in the cell. DAMPs originated from PDT may be categorized in three 

major groups: cell derived molecules, extracellular matrix degradation products and 

extravasated plasma proteins48. Several studies have described the expression and/or 

release of DAMPs after PDT, such as heat shock proteins (HSP)49, products of cellular 

membranes50, intracellular molecules that are released, fragments of extracellular matrix, 

fibrinogen and extravasated plasma proteins51. DAMPs are further recognized by pattern-

recognition receptors (PRR), the recognition part of the innate system. Upon engagement 

between the DAMP and the PRR, the effector cells become activated and capable of 

performing their activity immediately. PRR can also be classified as: a) signaling 

(TLRS)49; b) endocytic (macrophage scavenger receptor); c) soluble receptors 

(complement proteins and pentraxins)52,53.  
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Figure 3. Antitumor immune mechanism triggered by Photodynamic Therapy. The cytotoxic 

effect of PDT induces a local inflammation, with recruitment of innate immune cells to the 

illuminated area. Innate immune cells, such as DCs, phagocytize tumor antigens and DAMPS 

released by damaged tumor cells and present them to T cells in the lymph nodes. This stimulation 

activates the adaptive arm of the immune system, generating the proliferation of effector T cells 

capable of recognize and destroy the remaining tumor cells. 

One of the major advantages of PDT is the possibility to elicit an antitumor immune 

response with one treatment that initiates with an acute non-specific inflammation that 

further evolves to a systemic immune response. This fulfills with the ability of the 

immune system to recognize tumor cells in a different part of the body or in a future event. 

Several studies have investigated how antitumor response prompted by PDT develops 

and how far can we take this advantage. These studies include rechallenge with cancer 

cells, immunization of the host with PDT treated cells, and, most importantly, to assess 

the ability of PDT to control the development of metastasis. Table 5 summarizes 

numerous of these in vivo experiments that have been reported with different 

photosensitizers and with different tumor models. 
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Table 5. PDT protocols with several photosensitizers and tumor models uncovering the 

importance of the immune system for the outcome of the treatment. Rechallenge refers to the 

ability of PDT treated animals acquire immune memory and reject a rechallenge with untreated 

tumor cells. Immunization refers to experiments where PDT treated cancer cells are administered 

to healthy animals and confer protection to rechallenge. Percentages refers to percentage of cures.  

Photosensitizer Local Treatment Rechallenge 
Immunization 
with cancer cells 

Impact on distant 
lesions 

ALA 

s.c. NPC54 
induced SCC55 
s.c. SCC56 
o.t. TRAMP-C257    

 
PECA (100 %)58,59 
SCC (100 %)55,60 

 

Hypericin 

s.c. CT26 (100 %)61 
s.c. DA362 
s.c. LLC63 
s.c. MGH64   
s.c. SQ262 

CT26 (100 %)61 
LLC63 

 
DA362 
SQ262 

Photofrin 

s.c. 4T165 
s.c. Colo2666 
s.c. Eca10967 
s.c. EMT640,45,68,69 
s.c. FsaR70 
s.c. LLC (100 %)71 
s.c. OVCAR3 (100%)72 
s.c. RIF173 
s.c. SCCVII68 

4T166 
Colo2666 

EMT640,69 
4T165,66  
EMT669 
LLC71 

Verteporfin 

s.c. 4T174  
o.t. 4T175 
o.t. AsPC-1&Panc-176 
s.c. CT2677 
s.c. CT26.CL25 (100 %)36 

o.t. E077175 
s.c. J77478 
s.c. OVCAR579 
s.c. P815(82%)37   
s.c. RIF-1-GFP (100 %)35 

CT2677 
CT26.CL25 (100 %)36 
J77478 
P815 (91 %)37 
RIF-1 (100 %)35   

P81537 
SCCVII80 

J77478 

HPPH 

o.t. 4T166 
s.c. Colo266643 
s.c. Eca10967 
s.c. FaDu (60 %)81 
s.c. H46082 
s.c. NXS281 

4T166 
Colo2666 

 NXS2 (50 %)81 

mTHPC 

s.c. EMT668,83 
s.c. HT2983 
s.c. SCCVII68,84 
s.c. SiHa83 

 
 

  

Redaporfin 

s.c. B16F10 (100 %)85 
s.c. CT26 (85 %)17,86 
s.c. LLC (67 %)87 
s.c. S91 (44 %)88 

CT26 (67 %)17  CT2617 

WST11 

s.c. 4T189 
s.c. CT26 (>70 %)89  
s.c. MB-49-luc (12 %)90 
s.c. M2R (70 %)15 

4T189 
CT2689 
MB-49-luc90 

CT2689 
4T189 
CT2689 
MB-49-luc90 

BAM-SiPc 
s.c. CT26 (70 %)91 
s.c. HepG292  
s.c. HT2992 

CT2691   

ATX-S10(Na)  s.c. CT2693  CT2693   

AlS2Pc s.c. MS-239 MS-239   
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1.2.1 PDT and innate immunity  

Innate immunity is the first line of defense of the immune system, represented by 

mechanisms that do not present immunologic memory. Regardless the number of the 

times that the antigen is found, it will not change the response by innate immune cells. 

While adaptive immune responses usually take time to be effective, innate responses are 

critical in the first hours and days to protect the host from infection. This innate arm of 

the immune system reacts to pathogenic invaders by cytokine release, recruitment and 

activation of phagocytes (macrophages, neutrophils and dendritic cells), natural killer 

(NK) cells and by activating the complement cascade94.  

PDT triggers an oxidative stress in the illuminated area causing damage in the nearby 

cells. Damaged and dying cells release DAMPs into extracellular matrix or present them 

on the cellular surface. DAMPs are recognized and neutralized by innate immune 

phagocytes, leading to the removal of the cellular debris, and inducing the inflammatory 

response. This response is then followed by the secretion of pro-inflammatory mediators, 

activation of complement and accumulation of inflammatory cells in the treated area to 

destroy the remaining tumor cells47,48,63,94.   

1.2.1.1 Acute Inflammation: From local to systemic  

One of the first signs of the immune stimulation elicited by PDT is the local acute 

inflammation revealed a few hours after tumor illumination. The damage caused by PDT 

has been described as a massive and rapid invasion of several activated inflammatory 

cells41,47,95,96. Inflammation is responsible for the expression of several pro-inflammatory 

mediators, enhancing the expression of vascular adhesion molecules and the synthesis of 

chemokines required for the neutrophil extravasation96–99.  

PDT has an impact in the illuminated area and triggers an acute phase response with 

systemic effects, as illustrated in Figure 4. PDT is well described for triggering a systemic 

response characterized by induction of acute phase reactants53,68,96,100,  complement 

proteins expression101–103, systemic neutrophilia68 and expression of several 

cytokines68,96,104–108, that all together will help in the phagocytosis, removal of cell debris 

and local healing53,100. Immune stimulation by PDT has been described to activate NFκB 

and AP-1109, which control the expression of dozens of cytokines – most remarkably IL-

1β, IL-1, IL-6, IL-10, TNF-α, TGF-β – but also Granulocyte colony-stimulating factor 
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(G-CSF), thromboxane, prostaglandins, leukotrienes, histamine and several coagulation 

factors42,96,97,99,105,110–112. 

 

Figure 4. Innate immune response mechanism triggered by Photodynamic Therapy. Shortly 

after the light activation, the release of DAMPs, cytokines and other components lead to the 

development of a strong inflammation with infiltration of innate immune cells, such as 

macrophages, neutrophils, dendritic cells (DCs) and NK cells. The recognition of the tumor 

antigens by APCs and further presentation to T cells in the lymph nodes activated the adaptive 

immune response.  

Among the expressed mediators, IL-6 and IL-1β seem to have an important role on the 

development of inflammation after photofrin, HPPH or mTHPC-PDT96,113. On the other 

hand, IL-10 and TGF-β were shown to have impact in hampering this response. Several 

studies have evaluated the impact of selectively blocking these expressed mediators on 

the efficacy of PDT. Sun et al. demonstrated that the IL-1β neutralization diminished PDT 

cure rates that was not observed with IL-6 and TNF-α neutralization113. Blocking the 

function of some adhesion molecules expressed during inflammation also decreased the 

efficacy of treatment96,113. Additionally, selective blockade of IL-10 and TGF-β were 

described to improve PDT outcome48. 

PDT also induces several changes in the vasculature of tumors, damaging the endothelial 

cells, creating vessel constriction, platelet aggregation, blood occlusion and hemorrhages. 
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These changes make vessels more permeable to blood proteins and pro-adhesive for 

inflammatory cells, through the over-expression of several adhesion molecules48. The 

damage caused in the vasculature also induces the activation of complement, which acts 

as direct mediator of inflammation and stimulate cells to release other inflammatory 

mediators105.  

When inflammation is the result of trauma, ischemia-reperfusion or chemically induced 

injury, as is the case with PDT, inflammation occurs without the presence of any 

microorganism, and is named “sterile inflammation”114. Induction of these sterile 

inflammation is crucial for the initiation of antitumor adaptive immunity after PDT as it 

increases the neutrophil entry into the tumor-draining lymph nodes (TDLNs). Brackett et 

al. reported that this enhanced neutrophil infiltration into TDLNs following induction of 

sterile inflammation by HPPH-PDT is regulated by IL-17:IL17RA115. 

1.2.1.2 Complement activation 

The complement system is made up of large number of proteins that circulate in the blood 

and tissue fluids. Complement proteins are the major effector arm of the innate immunity 

and only become active in response to a trigger that will start a cascade of enzymatically 

cleavages that sequentially activate different proteins. Apart from the capacity to 

stimulate an inflammatory response, the main roles of complement are to mark pathogens 

to be destroyed by phagocytes and to recruit leukocytes to the local, increasing the 

cytotoxic effects of inflammation116. 

The stimulation of the complement system was reported to be crucial to neutrophil 

infiltration, because its inhibition completely prevented the development of neutrophilia 

induced by PDT68. PDT triggers the complement system by a non-antibody mediated 

pathway as its activation was still detected in PDT-treated scid mice lacking B cells105.  

Complement component 3 (C3) is a protein that plays a central role in the activation of 

complement. Its stimulation was reported to be dependent on the photosensitizer and the 

PDT regimen117. Also, the mechanism by which PDT activates the complement system 

is suggested to be through the release of C3a and C5a proteins, which work as 

chemoattractants/activators not only for neutrophils but also to monocytes, B-cells, 

macrophages and mast cells103. Indeed, blockade of complement factors has been 

described to have a negative impact on PDT-mediated tumor cures48 and also to lead to 

neutropenia118. 
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Complement may have both positive and negative impact on the efficacy of PDT. It has 

been suggested by Cecic et al. that according to the localization of the photosensitizer, 

activation of complement may differ117. Rapid complement activation during photofrin-

PDT illumination leads to the generation of the membrane attack complex (MAC) on 

vascular endothelial cells, collapse of blood vessels and consequent enhanced decline in 

tumor oxygenation, which negatively affects the efficiency of PDT. On the other hand, 

PDT with verteporfin does not present significant decreases in tumor oxygenation. These 

conclusions inspired approaches that could block temporarily the complement activity, 

during illumination, to improve the outcome of PDT. Several studies have reported 

combinatory therapies with PDT that stimulate the activation of the complement system 

and have revealed increased animal cure rate119–122.   

1.2.1.3 Neutrophils 

Neutrophils are the most abundant type of leukocytes and are an important part of the 

innate immune system. They have relevant functions in the regulation of inflammation 

by secreting proinflammatory cytokines (eg IL-6, IL-1β, IL-4 and IL-12,) and other 

inflammatory mediators (eg leukotrienes and prostaglandins), which potentiate the 

inflammatory response by recruiting and activating other immune cells. Neutrophils are 

also able to directly kill pathogens and under these circumstances work as APCs, 

presenting the antigens via MHC class II123.  

Neutrophils have been reported to have an important role in the development of the 

antitumor immunity after PDT. The mechanisms involved in this modulation are still not 

completely understood, but some aspects have been postulated over the years. 

Neutrophils secrete chemokines and granule proteins which further recruit monocytes. 

The activation of DCs is by cell-to-cell contact and is accompanied by the secretion of 

TNF-α, which also stimulates the differentiation of monocytes and T cells124. 

The increased levels of neutrophils in the peripheral blood and in the tumor area after 

PDT have been described in several studies68,89,96,104,123,125,126. Following photofrin-PDT 

of rhabdomyosarcoma rat tumor model, neutrophilia appears as early as 4 h post-

illumination and is maintained for at least 24 h, while for example the high levels of 

lymphocytes returns to basal levels in 2 h104. Krosl et al. described that photofrin-PDT 

of squamous cell carcinoma mouse tumor model lead to 200-fold increase in the content 

of neutrophils within 5 minutes after tumor illumination and further studies reported that 



General Introduction 

37 

this effect is dependent on neutrophils and mediated by complement41,68,125. According to 

Gollnick et al., the percentage of neutrophils in the treated tumor was significantly 

increased 4 h after HPPH-PDT when compared to the nonilluminated control and 

remained high for at least 72 h post-treatment. The number of infiltrating neutrophils into 

the treated tumor after HPPH-PDT was less when compared to photofrin-PDT (37 % of 

the total cells 24 h following photofrin-PDT vs 13.8% of the total cells 24 h following 

HPPH-PDT) which is consistent with the lower degree of inflammation observed for 

HPPH-PDT96. The vascular-PDT modality is also associated with neutrophilia and/or 

tumor infiltrating neutrophils. Salomon and coworkers reported a massive neutrophil 

infiltration in the tumor rim and interface 1 h after WST11-PDT (but not in the tumor 

core), that returned to basal levels in 24 h89. A pronounced neutrophilia was also observed 

2 to 24 h after redaporfin-vascular-PDT, which was shown to significantly contribute 

for its efficacy as cure rates decrease from 100 to 62.5% when neutrophils were 

systemically depleted127. This observation will be discussed in detail later in this work. 

The migration of neutrophils to the tumor after HPPH-PDT was reported to be dependent 

on the local increase of chemokines (eg macrophage inflammatory protein 2, MIP2) and 

vascular endothelial adhesion molecules E-selectin and ICAM-1, which facilitate 

neutrophil extravasation through the vasculature96,126. Sun et al. implemented a different 

approach to evaluate the importance of neutrophils in photofrin- and mTHPC-PDT. By 

administrating anti-ICAM-1, which prevents neutrophils migration into the tumor, there 

was a markedly reduction of the tumor cure rate113. 

Several studies have reported that local administration of granulocyte-colony stimulating 

factor (G-CSF) or granulocyte-macrophage colony-stimulating factor (GM-CSF) led to a 

specific increase in the number of circulating neutrophils which significantly potentiates 

the antitumor response44,128,129.  

The neutrophils migration to the tumor bed has also been associated with cell surface 

expression of TNF-α and their subsequent accumulation in the TDLN126. In the lymph 

nodes, neutrophils directly interact with DCs, further promoting T cell activation. 

Although IL-6 has been highly associated with the induction of systemic neutrophilia by 

photofrin-PDT105, neutralization of this cytokine did not significantly affect the 

neutrophils levels in the tumor, did not block the induction of E-selectin and ICAM-1 on 

tumor microvessels and also did not affect the long-term survival of mTHPC-PDT, while 
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IL-1β was critical for the therapeutic outcome96,113. Thus, role of IL-6 in prompting 

inflammation after PDT apparently depend on the photosensitizer and the tumor model. 

The degree of neutrophil infiltration seems to be dependent on the PDT regimen applied. 

Shams et al. demonstrated that PDT with low dose light (48 J/cm2 given at 14 mW/cm2), 

considered an immune enhancing protocol, led to a higher neutrophil infiltration, both in 

the tumor tissue and in the TDLN, when compared with an high dose light regimen (132 

J/cm2 given at 14 mW/cm2) that was considered a tumor controlling protocol66. Also, the 

number of activated CD8+ T cell increased in the low dose light regimen, but the 

combination of both regimens triggered even higher levels of cytotoxic T lymphocytes 

(CTLs). Apart from demonstrating that fluence rate influences the inflammatory response 

associated with PDT, Henderson et al. also reported that the depletion of neutrophils only 

abolished curability of the maximal inflammatory regimen43.  

Numerous studies have shown that depletion of neutrophils diminished the curative effect 

of PDT41,43–45,104,126,129. The specific depletion of neutrophils was reported to directly 

reduce the number of activated cytotoxic T cells in TDLN and in the tumor tissue, 

inhibiting the establishment of a strong antitumor CD8+ T cell response after HPPH-PDT 

in a high inflammatory regimen (48 J/cm2 given at 7 mW/cm2)126. Korbelik’s group 

demonstrated that neutrophils depletion led to a 30 % drop in mice cured with photofrin-

PDT from EMT6 mammary sarcoma tumors45.  However, depletion of neutrophils did 

not significantly changed the efficacy of ALA-PDT with rat rhabdomyosarcoma tumor 

model, suggesting that the magnitude of damage originated by ALA-PDT was not 

dependent on neutrophils as for other photosensitizers130.  

1.2.1.4 Natural Killer cells 

Natural killer (NK) cells are lymphocytes of the innate immune system with the ability to 

directly kill infected cells or tumor cells. They can also work as regulators of immunity 

through reciprocal interactions with DCs, macrophages, T cells and endothelial cells, 

meaning that they can impair or exacerbate immune responses131.  

The effect of PDT in NK cells was studied in vivo by Marshall et al.132. Their work 

showed that the activity of NK cells was significantly impaired by ClAlSPc-PDT but not 

by HpD-PDT, suggesting that the impact of PDT in NK cells is dependent on the 

photosensitizer and/or the PDT regimen.  
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The importance of NK cells to the outcome of PDT was evaluated by Hendrzak et al.46. 

Their work demonstrated that the selective depletion of NK cells reduced 2I-EtNBS-PDT 

effect. NK cells obtained from PDT treated mice were not cytotoxic in vitro against tumor 

cells, suggesting that its effect in vivo occur by an indirect mechanism, rather by a direct 

cytotoxic effect on cancer cells. The contribution of NK cells to photofrin-PDT efficacy 

was evaluated by Korbelik and Dougherty by selectively depleting these cell population, 

both in immunocompetent and immunocompromised (scid) mice bearing Meth-A 

fibrosarcomas42. Their results demonstrated that NK depletion on scid mice significantly 

reduced the cure rate, while in BALB/c mice had no significant effect. These findings 

suggested that immunocompetent hosts maintain tumor control through PDT-activated T 

lymphocytes, whereas NK cells are required for tumor control in scid mice.  However, 

this requirement may be dependent on the tumor type, namely in its susceptibility to NK 

cells. Later, Korbelik et al. reported that the combination of mTHPC-PDT with NK cell-

based adoptive immunotherapy mediated better therapeutic outcomes than any of the 

therapies alone, thus showing the potential of this strategy for the control of solid 

tumors83.  Kabingu et al. reported that NK cells can also contribute to the antitumor 

immunity elicited by PDT69. Their work showed that the number of EMT6 lung tumors 

per mouse were significantly higher in the NK-depleted animals. These results were 

further corroborated with studies with deficient scid mice replenished with CD8+ T and 

NK cells, suggesting that NK cells have an impact in antitumor immunity and affect the 

activity of CD8+ T cells after PDT. The previous findings suggest that NK cells play a 

supportive yet important role in the establishment of CD8+ T cell antitumor responses 

through activation of DCs.  

1.2.1.5 Macrophages  

Macrophages main functions consist in maintaining homeostasis and host defense 

through phagocytosis. These cells are also responsible for the production of several 

cytokines, chemokines and other mediators, representing an essential population in the 

development of inflammation after PDT treatment47,133. Macrophages express a wide 

number of membrane receptors that can recognize several endogenous and exogeneous 

ligands95. According to their role, macrophages can be divided into two phenotypes, 

termed M1 and M2. M1 macrophages are proinflammatory innate immune effector cells, 

involved in immune activation and invader (pathogens or cancer cells) attack. Their 

tumoricidal activity can be exerted directly by phagocytosis and digestion of cancer cells 
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or indirectly by means of complement proteins and antibodies – antibody-dependent 

cellular cytotoxicity (ADCC). M1 macrophages also contribute for the activation of 

adaptive immunity as they can act as tumor-associated antigens (TAAs) presenters to 

lymphocytes133,134.  

After PDT, the generated hypoxia within the tumor bed facilitates the infiltration of 

monocytes, precursor cells of macrophages and myeloid dendritic cells. This invasion of 

macrophages into the tumor with photofrin-PDT occurs within the first 2 h after tumor 

irradiation, achieving a 2-3-fold increase in the percentage of macrophages over a 24 h 

period99,125. Macrophages secrete lysophosphatidylcholine that triggers the release of 

MAF by B and T lymphocytes. This lymphokine/cytokine promotes an amplification of 

the response by activating additional macrophages that can destroy cancer cells33. Once 

they have engulfed and processed the cancer cells debris, macrophages present TAAs on 

their membranes through MHC class II molecules, thus working as APC. The recognition 

of TAAs by T cells triggers a tumor-specific immune response41,135. At this point, 

macrophages may also be reprogrammed to produce anti-inflammatory cytokines (such 

as IL-10 and TGF-β) and proangiogenic factors that promote tissue repair and 

consequently tumor growth48. Regarding this, one strategy to increase the efficacy of PDT 

is to block anti-inflammatory cytokines, postponing the resolution of the inflammation 

triggered by PDT, enhancing the infiltration of monocytes and thus, improving the 

eradication of treated lesions48. Some reports have also demonstrated that there is an 

increased expression of angiogenic factors following the proinflammatory phase, such as 

VEGF, and its inhibition also improves the therapy outcome48.  

Numerous studies show that selective depletion of macrophages immediately after PDT 

has a substantial impact in the outcome of treatment, decreasing its curative effect45. 

Moreover,  it has been reported that the proliferation and activation of this immune 

population by means of D3-binding protein-derived macrophage-activating factor 

(DBPMAF)136 and granulocyte-macrophage colony-stimulating factor (GM-CSF)128 can 

markedly improve the therapeutic effect of photofrin-PDT in mouse models of cancer. 

PDT has shown to decrease the viability of macrophages in in vitro studies, as well as in 

vivo when high doses of light and/or PS are used132,137–139. In contrast, several studies 

reported that at low doses of light and/or PS, macrophages are activated increasing their 

phagocytic activity both in vitro and in vivo97,125,140–145, although their number does not 

change significantly96.  
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For instance, Yamamoto et al. demonstrated that the enrichment of the Fc-receptor 

(phagocytosis-mediator) in murine macrophages was attained with low doses of HpD or 

photofrin and very short periods of illumination142.  Similarly, Korbelik et al. also 

demonstrated that macrophages submitted to a sublethal dose of PS-3-PDT have 

preferential cytotoxicity towards tumor cells138. 

Many studies have reported that PDT-treated macrophages release several cytokines. 

Photofrin-PDT treated macrophages release prostaglandin-E2146 and TNF-α97. This last 

one was suggested to significantly contribute to the antitumor immunity elicited by PDT. 

Similarly, in vitro macrophages (differentiated from a monocyte cell line) subjected to 

sub-lethal mTHPC-PDT had an enhancement on the phagocytic capacity, TNF-α 

production and NO release141.  

The mechanisms by which macrophages become more proficient in phagocyting tumor 

cells after PDT is not yet clear, but two mechanisms were proposed. One of them, 

suggests that macrophages are indirectly activated by PDT-treated cancer cells while the 

other hypothesizes that they are directly activated. Some studies showed that 

macrophages directly treated with PDT did not exhibit cytotoxicity against cancer cells 

whereas co-incubation of PDT-treated cancer cells with macrophages activate their 

tumoricidal functions and induce the production of several pro-inflammatory cytokines 

and immune mediators49,135,138,147,148. It was suggested that DAMPs released/expressed by 

PDT-treated cells, namely HSP70, trigger TLR-2 and 4 signaling pathways in 

macrophages that induces NFκB-dependent nitric oxide synthase (iNOS). The latter 

promotes the release of high levels of nitric oxide and more reactive nitrogen species that 

are toxic to cancer cells of different histological origin149. Alternatively, some studies 

support the hypothesis that PDT may directly activate macrophages. Indeed, the work of 

Yamamoto et al. showed that in vitro PDT-treated macrophages presented higher 

phagocytic activity144. However, this was only observed when macrophages were co-

incubated with lymphocytes during PDT.  

With an opposite role, M2 macrophages are important for tumor progression and damage 

healing. M2 macrophages produce growth factors, extracellular matrix degrading 

enzymes, proangiogenic mediators, which altogether contribute to tumor survival and 

invasion133,150. Tumor-associated macrophages (TAMs) are a subset of M2 macrophages 

that can suppress antitumor immune responses. New strategies that target this subset of 

macrophages have been under investigation for antitumor therapies. Selective destruction 
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of TAMs was reported by Hamblin’s group by attaching photosensitizers to ligands of 

the scavenger receptor. They should lead to a selective accumulation of photosensitizer 

in TAMs and to their preferential killing upon irradiation150. Hayashi et al. synthesized a 

mannose-conjugated chlorin, designated to bind the mannose receptors highly expressed 

on TAMs. The conjugate produced strong cytotoxicity against both cancer cells and 

TAMs in the cancer stroma151. 

1.2.1.6 Dendritic cells 

Dendritic cells (DCs) act as linkers between the innate and adaptive immune system. DCs 

are the most representative antigen-presenting cells (APC) and are responsible to perform 

an important task in priming naïve T and NK lymphocytes. Their main role is to process 

TAAs and present them on its cell surface to lymphocytes initiating an adaptive immune 

response152. Immature DCs respond to inflammatory chemotactic factors and migrate to 

the inflamed tissues. The antigen uptake promotes the maturation of DCs, which become 

less responsive to the locally chemotactic factors and consequently, migrate to the 

secondary lymphoid organs153. In the lymph nodes, DCs present antigens, through MHC 

molecules, to T and B lymphocytes, which promotes their maturation154–156. 

PDT creates an environment that facilitates tumor antigen loading and allows activation 

of DCs. The latter is facilitated by DAMPs exposed/released by PDT-treated tumor cells, 

which are recognized by receptors present in APCs (eg LRP1/CD91157 and CD40158). 

Maturation of DCs by cell-lysates generated by PDT was associated with the expression 

of IL-1α, IL-1β, IL-6, IL-12 and inhibition of TNF-α159–161. These cytokines promote 

TAAs loading by DCs as well as the expression of peptide-MHC complexes and 

costimulatory molecules (CD80 and CD86) at the cell surface95. Several studies have 

demonstrated that through local inflammation, PDT promotes DCs maturation and 

migration to the lymph nodes, which contributes for the antitumor immunity elicited by 

PDT124,159,162,163. In the absence of inflammation, DCs remain in an immature state and 

although they can migrate to the lymph nodes to present antigens to T cells without 

costimulation, these T cells are eliminated or generate regulatory T cells, Treg95. 

The importance of DCs for the induction on antitumor immunity has been demonstrated 

by several studies. The selective depletion of DCs with diphtheria toxin (DTx) resulted 

in higher tumor recurrence rates after WST11-vascular-PDT, which was observed for 

both local and systemic depletion89. PDT-treated LLC cells co-cultured with immature 
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DCs were then used to stimulate T cell population. This mediated a potent stimulation of 

IFN-γ-secreting CD8+ T cells and a remarkable depression of Treg cells63. Recent studies 

that studied the generation of transient intracellular ROS of hematoporphyrin-PDT in 

vitro and in vivo, demonstrated effective maturation of DCs164. Furthermore, these 

intracellular ROS-stimulated DCs enhanced antigen specific T-cell responses in vitro and 

in vivo, which led to delayed tumor growth and prolonged survival of tumor-bearing mice 

when immunized with a specific tumor antigen.  

However, PDT also appears to have a negative impact on the surface receptor expression 

of DCs. Treatment with verteporfin-PDT reduced DCs levels of MHC class I and II, 

ICAM-1, costimulatory molecules B7-1 and B7-2 among other molecules crucial to the 

activation of T cells165. These findings were in agreement with the study of Hryhorenko 

et al., that demonstrated that ALA-PDT-treated peripheral blood mononuclear cells 

(PBMC) reduced their ability to activate lymphocytes, thus, suggesting the impairment 

of APCs function166. 

Therapeutic strategies that involve the combination of PDT with the administration of 

DCs have recently demonstrated to improve the outcome of the treatments.  Intratumoral 

injection of naïve DCs immediately after local ATX-S10 Na(II)-PDT significantly 

improved the overall survival when compared with any of the individual therapies93. Jalili 

et al. demonstrated that the inoculation of immature DCs into the photofrin-PDT-treated 

tumors resulted in effective migration to the lymph nodes and consequent stimulation of 

the cytotoxic activity of T and NK cells167. Then authors also showed that PDT-treated 

cancer cells were efficiently engulfed by DCs in in vitro co-culture studies167.  

These findings demonstrate the importance of DCs for the development of the antitumoral 

response after PDT and supports the hypothesis that intratumoral administration of DCs 

may be a promising combinatory therapy for PDT94.  

1.2.2 PDT and adaptive immunity 

In contrast to innate immunity, the adaptive immune system is highly specific to certain 

antigens and provides immunological memory. The activation of the adaptive part of the 

immune system is initiated with TAAs presentation by APC to naïve T cells (CD4+ and/or 

CD8+), which ends in the production of cytotoxic tumor-specific T cells and/or antibodies 

production by B cells.  
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Maturation of DCs, the main responsible for the linkage between innate and adaptive 

immunity, upregulates surface MHC I and II molecules and costimulatory molecules 

CD80 and CD86. This allows DCs to efficiently prime CD4+ and CD8+ T cells and induce 

B cells to produce antigen-specific immunoglobulins (antibodies). This adaptive immune 

response creates immunological memory in the host system, giving protection in an 

antigen-specific manner168.  

In 1987, Murphree and coworkers reported that photofrin-PDT yielded partial or 

complete cure of s.c. LLC tumors in C57BL/6 mice and also decreased the number of 

lung metastasis71. The same effect was not achieved in mice treated by surgical removal 

of the primary tumor. The importance of the adaptive immune system for PDT efficacy 

was also later reported by Canti et al., by showing that although both normal and 

immunocompromised mice, bearing MS-2 fibrosarcoma tumors, were cured by AlS2Pc-

PDT, only the immunocompetent surviving animals were able to resist to a subsequent 

MS-2 rechallenge39. Furthermore, Korbelik and coworkers demonstrated that the 

adoptive transfer of splenic T lymphocytes from untreated BALB/c mice into 

immunocompromised scid mice 9 days before photofrin-PDT of EMT6 tumors delayed 

tumor growth40. In addition, several other studies have proved the essential role of the 

host immune system for a higher efficacy of PDT treatments, showing reduced cured rates 

in immunocompromised mice17,36,46,89.  

A substantial recruitment of lymphocytes into the tumor bed was reported by Preise et al. 

24 h after WST11-PDT, most of them located in the tumor rim rather than in the tumor 

core89. There was a complete absence of CD3+ T cells immediately after the illumination, 

indicating their destruction by PDT89. This lymphocyte destruction is thought to be 

advantageous, once tumor infiltrating lymphocytes (TILs), the type of lymphocytes 

normally present in tumors, suppress antitumor responses and may inhibit the 

inflammatory responses. CD3+ T cells have a drastic rise in 24 h and go back to the basal 

levels in 48 h.   

Antitumor immunity has been proposed to have a conceivable contribution for the 

inhibition of metastasis and this is of utmost importance as metastasis are the leading 

cause of death in cancer patients. In the PDT field, numerous works have highlighted the 

importance of adaptive immunity for the control of both the primary tumor and distant 

(non-irradiated) metastasis. Shams et al. implemented a two-step PDT strategy that 

combines an immune enhancing protocol (low light dose) followed by a tumor controlling 
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protocol (high light dose). The first activates antitumor immunity with impact in non-

irradiated metastasis whereas the later eradicates the primary tumor66.  

Similar results have been described using a single protocol of PDT. For instance, 

photofrin-PDT had a positive impact in the irradiated EMT6 primary tumor and 

significantly reduced lung metastasis that were induced by i.v. injection of cancer cells 

(pseudo-metastatic model)69. Verteporfin-PDT treatments of mice bearing one 

CT26.CL25 tumor in each flank (bilateral tumor model) revealed that the irradiation of 

only one of the tumors led to complete tumor regression of the non-irradiated tumor in 78 

% of the treated mice36. Similar results were also attained with redaporfin-PDT but with 

CT26.WT tumor. Redaporfin-PDT significantly reduced the number and/or size of non-

irradiated pseudo-metastatic lesions17.  

Korbelik et al. reported that antitumor immunity triggered by PDT is able to mount an 

immunological memory, showing that adoptive transfer of splenocytes from Photofrin-

PDT-cured mice to immunocompromised scid mice had a strong effect on EMT6 

tumors42. CTL were identified the main immune effector cells responsible for this effect, 

which were also demonstrated with other photosensitizers and/or tumor models61,69,127. 

1.2.2.1 Helper T cells 

Helper T cells, also known as CD4+ T cells, main function is to regulate the activity of 

other immune cells by secreting cytokines that will assist the clearance of pathogens and 

tumor cells. They support activated B cells to secrete antibodies and cytotoxic T cells to 

kill target cells and help macrophages to destroy ingested cells. They can differentiate 

into different helper T cell types depending on the cytokines present in the surrounding 

environment. Thus, CD4+ effector T cells can be divided in several subsets according to 

their functions. The most relevant are: Th1, Th2 and Th17. Th1 cells, recognized by the 

secretion of IFN-γ, GM-CSF, IL-2 and lymphotoxin (LT), promote cell-mediated 

inflammatory responses, phagocytic activity by numerous mechanisms and regulate 

macrophages functions. Th2 subset favors predominantly the humoral response and are 

recognized for producing several cytokines (IL-4, IL-5, IL-6 and IL-10). Th2 cells trigger 

immune responses mediated by mast cells and eosinophils and increase degranulation 

processes. Finally, Th17 cells are characterized by the production of IL-6, IL-17 and 

TNF-α and induction of other cytokines and chemokines production. Th17 cells are also 
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associated with the increased infiltration of neutrophils and with the activation of cell-

mediated inflammation169,170. 

The importance of CD4+ T cells for anti-cancer PDT is not yet completely understood, 

and some of the studies present controversial effects for this immune population. 

Solomon and coworkers reported that lymphocytes isolated from cured mice several 

months after WST11-PDT secreted IFN-γ upon the re-stimulation with in vitro 

photosensitized cells89, suggesting the triggering of a proinflammatory Th1 response. 

Prior evidence that IL-17 promotes neutrophil migration to the infected sites motivated 

Brackett and coworkers to further study the induction of sterile inflammation with 

HPPH-PDT. Their results revealed a rapid accumulation of IL-17 producing Th17 cells 

in the TDLN after PDT115.  

The cure rate of EMT6 tumors treated by photofrin-PDT was reduced by ~25% and 50% 

after the administration of monoclonal antibodies against CD4 and CD8, respectively45. 

Similar results were reported by Korbelik et al., implementing the adoptive transfer of 

splenocytes from immunocompromised PDT-treated mice to reestablish the curative 

effect on scid mice. When CD4+ T cells were depleted from donor splenocytes, the 

curative effect of photofrin-PDT of EMT6 tumor model42 partially but significantly 

decreased. In contrast, other studies have suggested that PDT does not required CD4+ T 

cells to mount antitumor immunity.  Indeed, PDT with photofrin of a s.c. EMT6 tumor 

model69 and with redaporfin of a s.c. CT26.WT tumor model127 are not affected by CD4+ 

T cells specific depletion with monoclonal antibodies, suggesting that CD8+ T cells 

activation is possible in some cases even in the absence of CD4+ T cells. 

1.2.2.2 Cytotoxic T cells 

Cytotoxic T lymphocytes (also known as CD8+ T cells or CTL) play an important role in 

identifying and eliminating cancer cells. After DCs maturation, these migrate to the 

lymph nodes where they present TAAs to CTL through MHC class I. This leads to CD8+ 

T cells activation and recruitment to the treated tissues, where they can exert their 

cytotoxic activity together with the secretion of IFN-γ. 

Gollnick and coworkers hypothesized that the systemic antitumor response elicited by 

photofrin-PDT might have impact in distant cancer lesions that were not inside of the 

illuminated area69. PDT was delivered to s.c. tumors of mice bearing both s.c. tumor and 

lung tumors. An infiltration of CD8+ T cells into untreated tumors was reported and these 
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immune cells presence was critical for the inhibition of tumor growth outside the 

illuminated area. In this study it was also demonstrated that this CD8+ T cell antitumor 

immunity was dependent on NK cells, instead of CD4+ T cells. Korbelik et al. selectively 

inhibited CD4+ and CD8+ T cell population to better understand their relevance for the 

treatment outcome45. Depletion of CD8+ T cells resulted in a severe reduction of the cure 

rate, while CD4+ T cell depletion just led to a less pronounced reduction of the curative 

effect. Several other studies have also reported that depletion of CD8+ T cells led to 

reduced cure rates46,171, revealing the importance of this cell population to the efficacy of 

PDT treatment. Saji et al. reported that adoptive transfer of splenocytes from CT26 cured 

mice with ATX-S10 Na(II)-PDT gave protection to naïve mice from a rechallenge with 

CT26 and this was mainly due to CD8+ T lymphocytes93. Similarly, CD8+ T cells 

depletion from splenocytes of photofrin-PDT-cured mice were used for an adoptive 

transfer procedure and the results revealed a complete abrogation of the curative 

effect42,89, confirming the previously stated.  Even though it is described that the 

generation and maintenance of effective memory CD8+ T cells requires the presence of 

helper T cells172, these findings suggest that the efficacy of the treatment is not affected 

by the absence of CD4+ T cells. Thus, although both populations participate in the 

antitumor elicited response, cytotoxic T cells appears to have a crucial role while helper 

T cells play a supportive role.  

1.2.2.3 Regulatory T cells 

Regulatory T cells (Tregs) are the main cell population suppressing the immune response 

and account for 5 % to 10 % of the CD4+ T cell population. Among all the regulatory T 

cells the most common are CD4+CD25+FOXP3+ T cells, which are responsible for 

tolerance of self-antigens and excessive inflammation, being crucial in autoimmune 

diseases prevention. In addition to this regulatory function, Tregs also have the capacity 

to suppress other cells activity, particularly effector T cells. This cell population is 

characterized by the constitutive expression of CD4, CD25, FoxP3 and CTLA-4 

molecules and its proliferation is enhanced by IL-10 and TGF-β expression173. 

Tregs are recognized to have a great impact on the antitumor immunity, through the 

inhibition of T cells maturation to cytotoxic cells. This immune cell population is the 

predominant cell type that accumulate in the tumor and its immunosuppressive effect is 

associated with various mechanisms174,175. Tregs can be categorized in two main 
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populations: natural Tregs (nTregs) and induced Tregs (iTregs). Natural Tregs are found 

in the thymus and are important to prevent autoimmune diseases. Induced Tregs are 

generated and differentiate in the periphery, for example through TGF-β stimulation in 

the tumor microenvironment176. Inside tumors, Tregs can prevent the complete activation 

of effector T cell by sequestration of IL-2.  Partially activated effector T cells are 

continuously producing IL-2, which is beneficial to Tregs, as it is also necessary to Tregs 

maintenance177. TGF-β production by Tregs is another immunosuppressive mechanism 

triggered by these immune cell population and prevents the differentiation of cytotoxic 

effector T cells, keeping the memory CD8+ T cells in an inactive state and can lead to an 

increased number of Tregs178.   

PDT has a great impact on lymphocytes and consequently, also has an important impact 

on Tregs levels. Reginato et al. reported that verteporfin-PDT of CT26 tumors led to a 

significant increase in CD4+CD25+FOXP3+ Tregs in the spleen and in the lymph nodes 

between day 0 and day 4 after the treatment, which later dropped back to the normal 

values. The levels of TGF-β in serum were also elevated after PDT, suggesting the 

generation of a immunosuppressive microenvironment inside the tumor77. On the other 

hand, photofrin-PDT abolished the suppressive activity of Tregs 7 days after the 

treatment, even though no impact was observed on Tregs levels34. This abrogation of its 

immunosuppressive capacity was accompanied by a significant increase of DAMPs 

release and a rise of IL-6 levels observed after PDT, suggesting that these mediators may 

be responsible for the abolishment of Tregs functions after PDT. Zheng at al. also 

described a decrease of Tregs induction in vitro and in vivo when treated with DCs which 

had been pulsed with hypericin-PDT-treated LLC cells. Rechallenge with live LLC cells 

also led to a significant inhibition of tumor growth63.  

Induction of Tregs expansion by tumor cell microenvironment is a major barrier to PDT 

efficacy and appears to be dependent on the type of PDT regimen. There may be a need 

for external depletion of suppressor cells in protocols wherein PDT alone does not 

accomplish that depletion. Selective depletion of Tregs was studied in several studies and 

improvement of the treatment outcome was reported77,78.  

1.2.2.4 B cells 

Adaptive immunity not only comprises the activation of T cells but also B lymphocytes, 

immune cells responsible for mounting the humoral immunity. The activation of B cells 
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occurs in the lymph nodes via the recognition of antigens by B cell receptors (BCR) 

present on their cell membrane. Activated B cells are then responsible for producing 

antigen-specific immunoglobulins, typically known as antibodies.  

The contribution of humoral responses for PDT-mediated antitumor immunity was only 

rarely suggested. Korbelik described the role of host lymphoid populations in photofrin-

PDT efficacy40. A 100% curative PDT protocol in immunocompetent mice was 

implemented in scid mice and nude mice. While scid mice have no mature T and B 

lymphocytes, nude mice have normal levels of B lymphocytes and NK cells. The 

implemented protocol produced no cures in either scid or nude mice. Preise et al. 

described a marked B-cell infiltration 24 h after WST11-PDT in the tumor rim and in the 

interface between tumor and skin. Also, increased levels of IgG were detected 1 week 

after PDT and the serum of cured mice conferred protection to naïve mice against tumor 

challenge89. Even though PDT is generally accepted to trigger both cell-mediated and 

humoral adaptive antitumor responses, the mechanisms by which the humoral immunity 

impacts PDT remain unclear and further research is needed.  
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 Combinatorial approaches to stimulate immune 

responses 

Malignant diseases usually present a poor diagnosis and outcome caused by their 

invasiveness and difficulty to treat. PDT is a promising and effective cancer treatment, 

however some limitations occur when the ambition is to go beyond a local treatment and 

attempt to destroy isolated tumor cells and distant lesions, such as metastasis. This is a 

difficulty found in other oncology treatments. Therefore, several combinatorial 

approaches have been tested to improve the therapeutic efficacies and reduce the side 

effects. Treatment combinations usually include chemotherapy, radiotherapy, 

immunotherapy, and other therapies.  

The cell death originated by PDT creates a source of TAAs and thus, combinatory 

approaches with immunotherapy are promising strategies that could potentiate the antigen 

uptake, activation of T cells and consequent trigger a specific antitumoral response. The 

ability of tumors to evade PDT cytotoxic, such as immune cell dysfunction and 

suppression are also some of the reasons proposed for PDT ineffectiveness, and 

synergistic approaches that tackle these problems have also been reported over the past 

few years. 

1.3.1 Non-specific immunotherapies and PDT  

Immunotherapies which do not present specificity to just one antigen, but to several 

instead, are considered non-specific immunotherapies. They do not trigger a specific 

response regarding the infection or type of cancer but are capable of broadly boosting the 

immune system. Some of these immunotherapies are usually used alone while others are 

combined with other strategies.   

Immunostimulants are described as any non-specific substances that modulate immune 

responses, boosting the protection for a specific disease. The mechanisms of actions 

behind this modulation are not fully understood but are thought to be dependent on the 

interaction with pattern recognition receptors (PRRs), such as TLRs, expressed by several 

immune cells. Immune stimulation can occur as a result of several mechanisms of action, 

including formation of a depot by trapping antigens at the injection place, extension of 

the presence of the TAAs in the blood, recruitment of immune cells, enhancement of 

TAAs uptake/presentation and/or induction of cytokines/chemokines production179.  
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The stress caused by PDT in cancer cells triggers the release of TAAs which initiates an 

inflammatory process, further generating an antitumoral response. However, most of the 

tumors are described as low immunogenic, meaning that the host response to the tumor 

is not enough to eliminate alone the remaining tumor cells. The presence of an 

immunomodulator at the local of treatment may enhance the immune responses triggered 

against tumor cells, improving the treatment outcome.  

1.3.1.1 Exogeneous and microbial immunostimulants  

Myers et al. reported the benefits of combining PDT with immunoadjuvants in 1989180. 

The combination of HpD-PDT and a preparation of Corynebacterium parvum (CP) in a 

mouse model of s.c. bladder cancer prolonged the animal survival, while either one of the 

treatments alone only exerted marginal control of the tumor. The administration of 

mycobacterium-cell wall extract immediately after PDT with several PSs (photofrin, 

verteporfin, mTHPC and ZnPc) also elicited a local inflammatory response, indicated 

by neutrophil infiltration and potentiated the curative effect in EMT6 tumor model181 

Later, Korbelik et al. tested the combination of PDT with Bacillus Calmette-Guérin 

(BCG) vaccine in a s.c. EMT6 mouse tumor model with six PSs: photofrin, BPD, 

mTHPC, talaporfin, MLu and ZnPc182. Apart from the improvement of the cure rate, 

the number of memory T cells in the TDLNs was also significantly increased. In 

agreement with this studies, Cho et al. described that HpD-PDT combined with 

intravesical BCG was more effective than any of the treatments alone183.Preliminary 

clinical results revealed that patients subjected to a combinatory approach of PDT with 

BCG resulted in an improved response, with total destruction of the tumor tissue or 

lowering of its staging184.  

Uehara et al. studied the antitumor effect of HpD-PDT and the administration of a 

streptococcal preparation designated OK-432185. The combination confirmed the 

potentiation of the antitumor effect, but only when OK-432 was administered before PDT, 

possibly caused by the impaired blood flow into the tumor which prevent the infiltration 

of inflammatory cells. The same observations were obtained by Krosl et al. when 

combining PDT with daily intramuscular (i.m.) administrations of Schizophyllan (SPG). 

SPG is a β-D-glucan polysaccharide derived from fungal cells and has the capability to 

stimulate both humoral and cell immune responses. The combination approach generated 

a three times higher cure rate, and increased the PS retention in tumor cells186. Chen et al. 
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tested the combination of four different immunoadjuvants (Glycated chitosan (GC), 

Complete Freund (CF) adjuvant, incomplete Freund (IF) adjuvant and Corynebacterium 

parvum (CP)) individually with PDT with two photosensitizers, photofrin and mTHPC, 

and a light-absorbing dye, ICG. All the combinations with these immunoadjuvants 

enhanced the treatment efficacy of the tumors and increased the long-term survival of the 

laser cancer treatments187. Korbelik and coworkers used a very aggressive, metastatic, 

and poorly immunogenic orthotopic tumor model, 4T1 breast tumor, to evaluate the 

impact of verteporfin-PDT combination with CpG oligodeoxynucleotides (CpG-ODN). 

CpG-ODN are short single-stranded synthetic DNA molecules that contains 

unmethylated CpG dinucleotides (CpG motifs) that act as immunostimulants. The 

combination increased the levels of activated DCs and the tumor response to PDT, 

enhancing the overall survival188. More recently, Korbelik and coworkers published a 

study showing that combination of N-dihydrogalactochitosan with the administration of 

treated cells enhances the therapeutic effect obtained with PDT vaccines as well as 

reduces the numbers of myeloid-derived suppressor cells189. The intratumoral 

administration of γ-inulin, a potent classical complement activator, immediately after 

PDT led to a delay in tumor recurrence with several PSs120. Even though each treatment 

alone increased the levels of C3 protein, the combination allowed to attain even higher 

amounts, suggesting the magnification of complement system activation and the 

development of specific T cell mediated antitumor response. Imiquimod (IMQ) is another 

immunoadjuvant that acts by activating APCs and by inducing the production of several 

cytokines such as IFN-γ, TNF-α, IL-1, IL-6, IL-8, IL-10, IL-12, p40, G-CSF and GM-

CSF. Bhatta and coworkers reported that the combination of IMQ with ALA-PDT 

enhanced the efficacy of each treatment alone of cutaneous squamous cell carcinoma56. 

The presence of a greater number of apoptotic cells in this combination was assigned to 

be due to the increased number of cytotoxic T cells. 

Similar approaches have been reported using nanoparticles as delivery strategies, 

englobing both the PS and the immunoadjuvant. Dhar and coworkers combined CpG-

ODN and ZnPc in a single nanoparticle construct for the treatment of 4T1 mice tumors. 

The incubation of the treated cells with bone marrow derived immature DCs revealed a 

synergistic increase in the production of several proinflammatory cytokines190. Im et al. 

applied a hypoxia-responsive transforming carrier to improve the delivery at the same 

time the photosensitizer and the adjuvant, which boosts the antigen presentation by 
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dendritic cells. This approach revealed a significant inhibition of B16F1 tumor growth in 

an animal model191.  

1.3.1.2 Cytokines, growth factors and other modulators 

The inflammation observed after PDT is important to trigger antitumor immune responses 

and cytokines are recognized to be highly involved in this process. Several studies 

described the possibility of administering recombinant cytokines or inducers of these 

molecules as a strategy to potentiate PDT.  

A single dose administration of recombinant human TNF-α as well as of DMXAA (5,6-

dimethylxanthenone-4-acetic acid), an inducer of TNF-α, statistically enhanced the 

tumoricidal response to photofrin-PDT, allowing for drug dose reduction to avoid side 

effects, without losing efficacy192,193. Administration of the granulocyte colony-

stimulating factor (G-CSF) led to a significant increase in the number of circulating 

neutrophils, followed by a delay of tumor growth44,129. Following a similar strategy, 

granulocyte-macrophage colony-stimulating factor (GM-CSF) immunotherapy is based 

on the injection of lethally irradiated granulocyte-macrophage colony-stimulating factor-

producing tumor cells. The combination of this therapy with photofrin-PDT increased 

the toxicity of tumor-associated macrophages and substantially potentiated tumor 

control128. Adoptive transfer of highly cytotoxic NK92MI cells, natural killer cells that 

were genetically modified to express IL-2, was implemented as an adjuvant 

immunotherapy with PDT83. This treatment modality led to an improvement of PDT 

efficacy and was dependent on the IL-2 expression. The major concern with adoptive 

immunotherapies is the risk of allogeneic rejection, reactions triggered by the host against 

the transplanted cells from a genetically different recipient83. However, in this study it 

was demonstrated that immunocompetent mice bearing PDT-treated EMT6 tumors 

showed a clear benefit of adjuvant NK92MI immunotherapy.  

Another strategy to potentiate the antitumor effect after PDT is to stimulate/activate the 

immune cells responsible for the response observed after PDT. Serum vitamin D3-

binding protein-derived macrophage-activating factor (DBPMAF) leads to activation of 

macrophages which raised to 100% photofrin-PDT cure rates in a mouse SCCVII tumor 

model136.  

Another approach to improve the antitumoral response is by increasing the concentration 

of DAMPs present on the tumor microenvironment, boosting the recognition of TAAs 
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released by PDT treated cells. From the all set of DAMPs induced after PDT (eg CRT, 

HSP70, HMGB1), Korbelik and coworkers injected CRT peritumorally immediately after 

mTHPC-PDT in SCCVII tumor-bearing immunocompetent mice. The results revealed 

that the administration of CRT enhanced the antitumor response and improved the 

treatment outcomes in comparison with PDT alone194.  

As an antitumor immune response is based on the concept of antigen-specificity, one 

possible immunotherapeutic strategy is the vaccination using synthetic long peptides 

(SLP) that will cover the epitopes of tumor antigens and increase the recognition by T 

cell. Ossendorp and coworkers implemented this concept in combination with 

bremachlorin-PDT in two independent aggressive tumor models and obtained higher 

percentage of cures and an increased overall survival in comparison with any of the 

treatments alone195.  

It is well known that cancer cells present several mechanisms to escape antitumor immune 

responses. One of them is related to the expression of tumor antigens that can be detected 

by the immune system of the host, commonly designated as high or low immunogenicity. 

Apart from that, even highly immunogenic tumors can still progressively growth meaning 

that somehow antigen recognition by T cells and any sort of response elicited by that 

recognition are being suppressed. The immunosuppressive tumor microenvironment is 

characterized by the presence of Tregs, the immunosuppressor T cells. Several studies 

demonstrated that inhibiting these immunosuppressor cells, namely, regulatory T cells, 

affects the kinetics of tumor growth196. However, this seems to be only true when the 

depletion is started at the same time or even before tumor cell inoculation196. 

Cyclophosphamide (CY) is an anticancer chemotherapeutic drug, which was discovered 

to have the ability to selectively deplete Tregs when used in low doses. The combination 

of verteporfin-PDT with low-dose CY resulted in 70 % permanent cures with a J774 

mice tumor model where any of the treatments alone could only give a survival advantage 

but no cures78. Analyses of spleens from cured mice revealed the presence of tumor-

specific T cells and 71 % of cured animals rejected a rechallenge with tumor cells. The 

same conclusions were obtained by Reginato et al. where the same combination was 

applied to a different tumor model, CT26.WT tumors. Long-term survival was achieved 

in 90 % of the treated mice. Moreover, levels of Tregs and TGF-β, a known inducer of 

Tregs, were reduced compared to naïve mice levels77. However, for this model the 

rejection of the rechallenge only occurred when a second dose of CY was administered 
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before rechallenge. These results suggest that the combination of PDT with low-dose CY 

depletes the regulatory T cells which leads to improve of PDT outcome and promote the 

establishment of a memory immunity. 

1.3.2 Specific/Cell-based immunotherapies + PDT  

Specific immunotherapies refer to strategies that aim to help the immune system 

recognize the TAAs and destroy the cancer cells, boosting host immune system to fight 

cancer. These strategies have reached a mature state with several therapeutic approaches 

in clinical use. The concept is based on enforcing cancer cells recognition by the immune 

system, such as increasing T cells survival and functions or modifying DCs to present 

TAAs to activated T cells197.  

1.3.2.1 Adoptive transfers and PDT-generated vaccines 

The idea of potentiating the host antitumor immune response resorting to an external 

source of immune cells has been considered for many years. Adoptive cell therapies 

consist of activating, modifying, or expanding a specific population of immune cells and 

infuse them into the patient. Dougherty et. al tested adoptive transfer in mice with a 

compromised immune system, such as scid mice, in which the curative effect of 

photofrin-PDT is completely abolished42. The results revealed that adoptive transfer of 

splenocytes to scid mice was only effective when the hosts were engrafted with 

splenocytes from PDT-cured immunocompetent mice. In contrast, no benefit was 

observed if spleen cells were sensitized for a different tumor model of the host one.  

PDT-vaccines were initially tested to understand the direct effect of PDT on tumor cells, 

rather than the surrounding tissues, and their contribution to the antitumor immunity. In 

comparison with traditional vaccine-generating strategies, PDT-vaccine of tumor cell 

lysates revealed to be more effective198–200. Even though several strategies could initiate 

the maturation of DCs, only PDT was able to trigger DCs to produce IL-12, a critical 

cytokine for the cellular immune response. These studies showed that PDT alone triggers 

an immune response and that PDT is a promising strategy to generate vaccines198. These 

findings have been corroborated by many other studies with different photosensitizers 

and tumor models63,80,199,200, which reported increased numbers of DCs, B and T 

lymphocytes on the vaccinated mice, most importantly with effective engagement of the 

cytotoxic T lymphocytes. Wang and coworkers studied in vitro and in vivo the effect of 
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the major ALA-PDT generated DAMPs – calreticulin, HSP70 and HMGB1 – on immune 

cells. They showed that the enhanced levels of expression of these danger signals after 

ALA-PDT played an important role on the activation of DCs. Increased surface 

expression of MHC-II, CD80 and CD86 and enhanced ability to secrete IFN-γ and IL-12 

resemble the phenotypic and functional maturation of DCs. Furthermore, the authors 

reported that the administration of PDT-treated cells ensured complete protection against 

cancer cells of the same origin55. Several other strategies have also combined the 

inoculation of PDT-cell lysates with the administration of an immunoadjuvant to improve 

the therapeutic outcome through a synergic effect189,201.   

Cancer patients generally present significantly decreased numbers of circulating DCs in 

comparison with healthy people. Moreover, blood monocytes present reduced ability to 

process antigen and a low expression of costimulatory and MHC molecules. This 

decrease their ability to differentiate into immature monocyte-derived DCs and can even 

induce anergized/tolerized T cells202. Regarding this, Jalili and coworkers tested the 

inoculation of immature DCs into PDT-treated tumors167. The PDT-treated tumor cells 

were effectively endocytosed by immature DCs, leading to their activation, homing to 

lymph nodes and inducing an immune response. Even with more aggressive and invasive 

tumor models, the protocol approach based on the DCs cell administration immediately 

after PDT led to promising results203. This strategy represents one huge advantage, that is 

overriding the need for in vitro procedures with tumor antigens to prime the immune cells.  

The effective priming of these immune cells ex vivo was reported to present greater 

impact on the outcomes, portraying it as a promising strategy by several studies over the 

last years. DCs vaccine using ALA-PDT-treated apoptotic cells revealed protection 

against SCC tumor growth with strong antitumor immunity58,60. The mechanism proposed 

by the authors suggests that apoptotic cancer cells are the source of multiple danger 

signals triggering the maturation and activation of DCs. It has been severely discussed 

over the last few years which mechanism of cell death better triggers an effective 

antitumor immune response, and it is believed that it is essential to trigger an 

immunogenic cell death in order to trigger antitumoral immunity31.  

Morphologic modifications of DCs were identified after ALA-PDT, with enlargement of 

the dendrites and an increased number of lysosomes. Furthermore, some phenotypic 

changes also arise, as upregulation of MHC II and costimulatory CD80 and CD86 

molecules. Regarding the functional maturation, some variations in the secretion of 
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cytokines have also been described, as the high expression of IFN-γ and IL-12 and the 

absence of IL-10, critical for the development of the cellular immune response58,60. All 

these factors are recognized to be potentiators of DCs maturation and consequently T cell 

proliferation. Garg et al. demonstrated that murine DCs co-incubated with hypericin-

PDT-treated glioma cells led to significant phenotypic maturation of DCs. The authors 

described the induction of anti-glioma protective immunity by ICD-based DC vaccines. 

This response was dependent on ROS and some DAMPS but also on the presence of 

intact adaptive immune system and specially on CD8+ T cells204. In agreement with these, 

another study performed by Zheng et. al involving the same photosensitizer demonstrated 

that both PDT-DCs and PDT-tumor cells prepared by PDT showed potent antitumor 

responses against rechallenge63. 

Cell submitted to PDT with DH-I-180-3, a derivative of methylpheophorbide-a, secrete 

HSP70 and the exposition of DCs in vitro to tumor cell lysates treated with PDT increase 

the DCs expression of IL-2, a T cell growth factor205. To evaluate the in vivo immune 

response, tumor-bearing mice were vaccinated with PDT-stimulated DCs. The authors 

reported a great stimulation of IFN-γ-secreting CD8+ T cells, increased IFN-γ and 

decreased IL-4 expression levels, consistent with an antitumor response, even against 

established solid tumors and late-stage tumors. The authors also showed that this protocol 

was more effective than vaccination with PDT tumor lysates. Similar results were recently 

described for dendritic cells pulsed by ALA-PDT-treated skin squamous cell 

carcinoma59. The authors reported that this strategy could increase the activity of CD4+ 

and CD8+ T cells present on the spleen of immunized mice. Increased levels of IL-12, 

IFN-γ and decreased levels of IL-10 were observed. Several other studies have been 

published describing the impact of PDT-based DCs vaccines on tumors, leading to 

regression of tumor growth, cures, including in distant metastasis93.  

1.3.2.2 Monoclonal antibodies 

Disappointing PDT efficacy is usually associated with insufficient accumulation of PS, 

insufficient illumination to cause specific necrosis or tissue physical properties (hypoxic 

tissues). Taking this into consideration, several studies have proposed different strategies 

to tackle these problems, such as targeting specific tumor microenvironment features or 

creating optimal conditions for PDT to be effective.  
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Ferrario et. al reported that hypoxia and oxidative stress originated by photofrin-PDT in 

vivo could be involved in the overexpression of vascular endothelial growth factor, 

VEGF, which is described to affect angiogenesis and vascular permeability and the host 

immune response to tumors206. PDT combination with antiangiogenic therapies improved 

the tumoricidal responses compared to the treatments alone. Synergistic effects were also 

observed when verteporfin-PDT was combined with monoclonal (mAb) C225-based 

inhibition of epidermal growth factor receptor (EGFR), yielding lowest mean tumor 

burden and an approximately threefold greater survival in a mouse model of human 

ovarian cancer207. The authors suggested that combination of verteporfin, which causes 

damages in mitochondria, and EGFR-targeted therapy, that causes cell cycle arrest, 

enhances the efficacy of the therapy due to the non-overlapping mechanisms of action. 

Recently, Fisher et al. demonstrated that PpIX-PDT combined with a clinical EGFR 

inhibitor, lapatinib, led to a significant increase in PS accumulation and elicited stronger 

responses following PDT in two human glioma-derived tumors in vivo208. This coupling 

strategy emerges as a promising strategy that may improve tumor local control and 

resection rates, leading to an improved survival. 

Similar studies with several PS have been describing the same accomplishments64,209,210. 

Regarding a different target, interesting findings were reported by Korbelik and 

coworkers related to the immunodepletion of granulocytes. Anti-Gr1 mAb administration 

had an opposite effect on mouse SCCVII tumors when administered immediately after 

mTHPC-PDT and 1 h after the treatment211. The authors suggest that neutrophils that are 

engaged immediately after irradiation are within one hour replaced with a different 

myeloid population that are responsible for hampering the antitumor immune effect 

elicited by PDT. Thus, depleting granulocytes 1 h after irradiation destroys these 

immunosuppressor granulocytes that are recruited to the tumor and enhances treatment 

outcome. These findings emphasize that optimization of conditions can have a huge 

impact in the efficacy of treatment combinations. 

To improve the efficacy of PDT treatments through the conjugation of PS with antibodies 

is called as photoimmunotherapy (PIT). PIT is a therapeutic strategy that uses light 

activation of an antibody-photosensitizer conjugate to selectively destroy cancer cells212. 

The antibody is responsible for the selective targeting by binding to cancer cells and the 

photosensitizer is responsible for the cytotoxic through the generation of ROS. PIT can 
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provide highly specific cytotoxicity to tumor cells expressing specific antigens, to which 

the mAb binds.   

To increase the targeting selectivity of ovarian cancer PDT treatment, the photosensitizer 

molecule chlorin e6 (Ce6) was conjugated to a mAb recognizing an antigen expressed in 

80 % of the non-mucinous ovarian cancers, OC125. The reported results revealed a 

significant increased survival compared to the control group213. mAb 17.1A was 

conjugated to Ce6 and the efficacy of the conjugate was tested in an orthotopic murine 

xenograft214. There was a highly significant reduction of tumor weights and the median 

survival was increased compared to free PS. These findings showed a promising strategy 

to overcome the limitations of PDT of liver tumors, minimizing the damages in the 

healthy liver tissue. Similarly, IR700 conjugated to mAb targeting EGFR led to tumor 

shrinkage after the treatment. No phototoxicity was observed when the conjugate was not 

bound to the membrane, suggesting that the mechanism was different from conventional 

PDT215. Several other studies have demonstrated the conjugation of verteporfin with 

chimeric mAb targeting EGFR and showed higher specificity for EGFR-overexpressing 

cell lines216–219. Ishida et al. combined the molecular-targeted PIT with gene transfer 

technology to demonstrate a promising strategy to treat peritoneal dissemination in gastric 

cancer220. This involves trastuzumab-IR700-mediated PIT combined with adenoviral 

HER2-ECD gene transfer. This protocol inhibited peritoneal metastasis and improved the 

survival of mice bearing gastric tumors (MKN45). Soukos et al. studied the combination 

of the mAb C225 anti-EGFR for two purposes: either coupling to the NIR fluorescent dye 

Cy5.5 for detection or to the photosensitizer Ce6 for therapy. With the same mAb, 

diagnostic and therapy was conducted and the authors demonstrated the potential of 

immunophotodiagnosis to follow up the efficacy of the treatment221. Similarly, Mitsunaga 

et al. later described the implementation of panitumumab-IR700 PIT for HER1-

overexpressing tumor model (A431). Based on the redistribution of the conjugate 

evaluated by IR700 fluorescence guidance, therapeutic effects were observed with 

fractionated administrations of the conjugate and NIR irradiations of the tumor bed222.  

Even though PIT has been initially designed to target and destroy cancer cells, some 

studies have also implemented the strategy to deplete specific subpopulation of immune 

cells within the tumor, mainly immunosuppressor cells population. CD25-targeted NIR 

PIT with IR700 was implemented to selectively deplete tumor-infiltrating Tregs without 

disturbing the homeostasis in other organs223. This effect prompted a rapid activation of 
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CD8+ T and NK cells, systemic antitumor effects which affected the local tumor and the 

tumor growth of distant tumors. 

There are still a few reasons that prevent PIT to succeed and further research is still 

important to solve some of these problems, such as the low extinction coefficients of PS 

which requires several PSs connected to each Ab; the hydrophobicity of PSs that 

complicates the conjugation with mAb; the PSs absorption on the visible region that limits 

light penetration215.  

1.3.2.3 Immune checkpoint blockers (ICB)  

The low efficacy of treatments such as surgery, chemo and radiotherapy in some specific 

cancer diseases motivated the development of new strategies that could boost the 

antitumor immune response. Immunotherapy relies on the idea that the host immune 

system could detect and destroy cancer cells if correct priming of T cells occurred, 

without facing inhibitory stimulus. T cells are subjected to several suppressive 

mechanisms, including inhibition by Tregs, myeloid derived suppressor cells and several 

inhibitory checkpoint receptors.  

Immune checkpoints comprise several immunosuppressive mechanisms that play 

essential roles in maintaining immune homeostasis and protect the host from exacerbated 

immune responses to pathogens or even against self-components. These pathways are 

usually co-opted by tumors as a mechanism to escape from the immune attack (Figure 5). 

Programmed-cell death-1 (PD-1, CD279) is a transmembrane receptor expressed on the 

surface of activated T and B cells and in some cases in natural killer and myeloid cells, 

such as macrophages. PD-1 binds to its cognate ligands, PD-L1 and PD-L2. PD-L1, also 

described as B7-H1 or CD274, is expressed in various types of cells: leukocytes, 

nonhematopoietic cells and nonlymphoid tissues, such as many tumor cells. PD-L2, also 

described as B7-DC or CD273, is expressed mainly in DCs and monocytes. The binding 

connection of PD-1 to its ligand negatively regulates the immune system through 

impairment of attacking immune cells224. In a similar manner, cytotoxic T-lymphocyte-

associated protein 4 (CTLA-4, CD152) protein receptor is expressed by activated T cells 

and is also constitutively expressed in Tregs. CTLA-4 is homologous to T cell co-

stimulatory protein CD28. Both CD28 and CTLA-4 binds to CD80 (B7.1) and CD86 

(B7.2) expressed on APCs, acting as co-stimulators of T cells. However, CTLA-4 has a 
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greater affinity to this binding, hence when expressed it prevents the co-stimulation of 

CD28 and transmits an inhibitory signal to T cells225. 

 

Figure 5. Immune checkpoint mechanisms and respective blockade therapy. T cell activity 

can be impaired by immune checkpoint protein to maintain the immune homeostasis of the 

organism. However, these mechanisms are exploited by tumor cells to evade antitumor immune 

responses. Binding of CTLA-4 to CD80/CD86 prevents the costimulation of CD28, crucial for 

effective T cell activation. In a similar manner, binding of PD-L1 to PD-1 generates a negative 

stimulation, causing T cell anergy. Blockade of these proteins with specific monoclonal 

antibodies represents a therapeutic strategy to increase the effector function of the immune 

system. 

Several drugs that target these immune checkpoints are currently in clinical trials, and a 

small number have been already approved by FDA, such as: nivolumab, pembrolizumab 

and cemiplimab for PD-1; atezolizumab, avelumab and durvalumab for PD-L1; and 

ipilimumab for CTLA-4226. However, clinical evidence indicates that these strategies 

seem to be effective only in a small percentage of patients, typically leading to 20-40 % 

response rates31. Immune checkpoint blockade efficacy is usually dependent on the 

overexpression of the specific receptor which is highly variable between tumors and 
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among patients. Considering these, numerous approaches have been explored to combine 

ICBs with other therapies. 

Several studies reported the administration of monoclonal antibodies against immune 

checkpoint molecules combined with PDT with several photosensitizers75,90,227,228. 

Administration of anti-PD-L1 Abs potentiated the antitumor effects of verteporfin-PDT 

in a 4T1 mice model, as 50 % of mice had no tumor growth for more than 70 days of 

observation75. The addition of lenalidomide, an inhibitor of lymphatic vessels 

regeneration, completely abrogated the antitumor efficacy, revealing the importance of 

lymphatic drainage and regeneration after PDT to achieve an antitumor response.  

Combination therapy of bremachlorin-PDT and CTLA-4 blocking antibodies during the 

treatment phase also significantly improved the efficacy and survival of a double-tumor-

bearing mice protocol with two independent tumor models (MC38 and CT26), which was 

further proved to be dependent on the systemic presence of CD8+ T cells227.  PD-L1 

expression was verified to be induced after WST11-PDT, which prompt the authors to 

evaluate the impact of the combination with PD-1/PD-L1 pathway inhibition.  Treatment 

of an orthotopic Renca murine model with WST11-PDT and PD-1/PD-L1 antagonistic 

antibodies enabled the regression of primary tumors and prevented lung metastasis, which 

was not verified with any of the treatments alone. Further studies showed an increase in 

the ratios of effector T cells to regulatory T cells in primary tumors and inhibition of 

metastasis was associated with an increased T cell infiltration in the location of 

metastasis228. More recently, the combination of the same photosensitizer, WST11, with 

CTLA-4 inhibitor was also evaluated with a murine bladder tumor model. Tumor growth 

was significantly suppressed by the combination therapy, which also prevented lung 

metastasis and tumor recurrence90.  

PDT with a phthalocyanine targeting integrin αvβ6 of tumors (DSAB-HK-PDT) 

combined with PD-1 immune checkpoint inhibitor also revealed to be effective in the 

treatment of 4T1-fluc tumor model with metastasis. The authors described that the 

treatment triggered the maturation of DCs, production of cytokines, and further migration 

of CTLs to the tumor bed. Irradiation of the primary tumor, suppressed the growth of a 

secondary nonirradiated s.c. tumor as well as slowed the growth of lung metastasis159.  

Numerous other strategies have been evaluating the combination of more than one 

therapy by loading different drugs in nanoparticles or micelles. A nanoscale metalorganic 

framework composed by iron clusters and porphyrin ligands was developed to overcome 
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tumor hypoxia and increase PDT efficacy. Fe-TBP combined with anti-PD-L1 mAbs 

elicited an abscopal effects with over 90 % of tumor regression in a mouse model of 

colorectal cancer229. Duan et al. demonstrated that Zn-pyrophosphate nanoparticles 

loaded with the photosensitizer pyrolipid (ZnP@pyro) induce phototoxicity upon 

irradiation, causing indirect vasculature disruption and increased tumor immunogenicity.  

Furthermore, they studied the combination of ZnP@pyro-PDT with mAb for PD-L1 for 

the treatment of orthotopic 4T1 tumor model230. The results showed an acute 

inflammation followed by eradication of the primary tumor and prevention of lung 

metastasis as well as inhibition of the preexisting ones. The same conclusions were 

validated in a second tumor model, TUBO bilateral syngeneic mouse model. Taking in 

consideration the hypoxia tumor environment, Shao et al. designed up conversion 

nanoparticles with a hypoxia-activated prodrug, tirapazamine, in nanopores of this metal-

organic framework. This strategy induced PDT and hypoxia-activated chemotherapy, and 

when combined with anti-PD-L1 promotes specific tumor infiltration of cytotoxic T cells, 

completely inhibiting the growth of untreated distant tumors231. Another potential 

strategy presented by Li and coworkers is to mediate cancer immunotherapy through the 

knockdown (KD) of these checkpoint molecules in tumor cells using small interfering 

RNA (siRNA). The authors designed an acid-activable cationic micelle, loaded with the 

photosensitizer pheophorbide-A and the siRNA responsible for the specific silencing of 

PD-L1 cell-surface and cytosolic expression on tumor cells. Tumor growth was 

efficiently inhibited, and the PDT-induced systemic immune memory response also 

prevented distant metastasis232. A similar strategy aiming to silent PD-L1 was also 

recently described by Dai et al. in combination with a photosensitizer targeting the 

mitochondria233. 

Indolamine-2,3-dioxigenase (IDO) is another immune checkpoint working as a regulatory 

enzyme that is highly expressed in tumors. IDO can deplete tryptophan (Trp) through its 

oxidative catabolism. This catalytic process prevents the clonal expansion of T cells, 

causing T cell anergy and apoptosis234. Even though some small molecules have been 

successfully developed as IDO-inhibitors, inhibiting the catabolism of Trp, its impact on 

tumor growth is mild due to the lack of antigen presentation and lack antitumoral 

responses. Lu et al. loaded a nanoscale metal-organic framework, TBC-HF, with an IDO 

inhibitor and used this system to combine PDT with IDOi-based immunotherapy235. The 
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results showed the eradication of the treated primary tumor and rejection of the untreated 

distant tumors in two syngeneic colorectal cancer models.  
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2 OBJECTIVES AND 

OUTLINES 

As referred in the previous chapter, immune responses elicited by PDT are extremely 

important for the outcome of the treatment. The mechanism behind this stimulation have 

been studied and described over the last years, however, there are still many mechanisms 

that are not fully understood. The uncover of these gaps opens new opportunities to future 

strategies that might solve many of the clinical problems that are being faced today.  

Redaporfin is a promising molecule used for PDT treatment with a remarkable effect in 

primary tumor which depends on the immune system response. Regarding this we aim to 

contribute to better understand the mechanisms behind the efficacy that turns this 

localized therapy into a systemic therapeutic response. Study of this immune response 

was studied over this thesis and new strategies to improve treatment efficacy was tested. 

This thesis is divided in four parts, from chapter 3 to chapter 6.  

Chapter 3 refers to an extensive characterization of immune responses triggered by the 

previously optimized vascular protocol of redaporfin-PDT of a colon carcinoma animal 

model. This study enabled to characterize the main immune events that occur post-PDT, 

from the strong inflammation to the abolition of the primary tumor. Several immune cell 

populations and molecules were investigated and its influence on the efficacy of the 

treatment is discussed. 

Based on the promising results with the colon carcinoma model, the motivation was to 

further apply and evaluate the efficacy of redaporfin-PDT to treat other tumor models. 

Regarding this, Chapter 4 refers to the optimization process used to find the best PDT 

conditions to treat each model. This process involved the optimization of several 

parameters such as drug and light doses, drug-to-light interval, fluence rate, safety 

margins. Furthermore, the content of redaporfin inside tumors over time was also assessed 
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by photoacoustic tomography to elucidate about the distribution behavior of the 

photosensitizer in different tumors.  

In Chapter 5 it is proposed that currently approved immunotherapies could increase or 

enrich the antitumor immune responses triggered by redaporfin-PDT. Two combinatory 

approaches with immune checkpoint blockers immunotherapies were tested in three 

tumor models and the outcomes are reported in this chapter.  

Finally, general conclusions are summarized in Chapter 6. 
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3 IMMUNE RESPONSES 

AFTER VASCULAR PDT 

WITH REDAPORFIN  
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 Abstract 

Photodynamic therapy (PDT) relies on the administration of a photosensitizer (PS) that 

is activated, after a certain drug-to-light interval (DLI), by the irradiation of the target 

tumor with light of a specific wavelength absorbed by the PS. Typically, low light doses 

are insufficient to eradicate solid tumors and high fluence rates have been described as 

poorly immunogenic. However, previous work with mice bearing CT26.WT tumors 

demonstrated that vascular PDT with redaporfin, using a low light dose delivered at a 

high fluence rate, not only destroys the primary tumor but also reduces the formation of 

metastasis, thus suggesting antitumor immunity. This work characterizes immune 

responses triggered by redaporfin-PDT in mice bearing CT26.WT tumors. Our results 

demonstrate that vascular-PDT leads to a strong neutrophilia (2-24 h), systemic increase 

of IL-6 (24 h), increased percentage of CD4+ and CD8+ T cells producing IFN-γ or CD69+ 

(2-24 h) and increased CD4+/CD8+ T cell ratio (2-4 h). At the tumor bed, T cell tumor 

infiltration disappeared after PDT but reappeared with a much higher incidence one day 

later. In addition, it is shown that the therapeutic effect of redaporfin-PDT is highly 

dependent on neutrophils and CD8+ T cells but not on CD4+ T cells. 

3.1.1 Graphical Abstract 
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 Introduction  

Photodynamic therapy (PDT) combines a photosensitizer (PS) molecule, red or infrared 

light and molecular oxygen, none of them being individually toxic, to treat solid tumors 

with selectivity and reduced adverse effects. The PS is administered, after a drug-to-light 

interval (DLI) the target tissue is illuminated with light absorbed by the PS, and it reacts 

with molecular oxygen to generate reactive oxygen species (ROS). The oxidative stress 

locally generated by PDT is highly cytotoxic to cancer cells and to other stromal cells, 

such as the endothelial cells from angiogenic blood vessels 38,112. However, PDT 

preserves the collagen matrix and is associated with a good cosmetic and functional 

outcome. 

The mechanism of PDT depends considerably on the nature of the PS and on the DLI 

between the PS administration and the illumination. A DLI ≥ 24 h allows for the 

distribution of the PS to various tissues at the time of irradiation, and the tumor cells are 

predominantly killed by the photocytotoxicity of the PS inside the cells (cellular-PDT). 

The irradiation of the target tissue at DLI < 30 min finds the PS in the vasculature 

(vascular-PDT) and leads to the occlusion of the tumor vasculature with the subsequent 

tumor hypoxia, starvation and death88. At intermediate DLI, the PS may be also 

substantially retained within endothelial cells, and approaches that take advantage of this 

localization can be called endothelial-PDT236. We recently explored the combined 

impacts of the polarity of bacteriochlorin photosensitizers and of DLIs on the outcome of 

PDT236. More hydrophilic bacteriochlorins showed shorter plasma lifetimes and lower 

cellular uptake and are more appropriate for use at shorter DLIs. More lipophilic 

bacteriochlorins can have longer plasma lifetimes and higher accumulation in cells and 

are indicated for longer DLIs. Amphiphilic bacteriochlorins seemed to be adequate for 

both vascular- and cellular-PDT, and naturally also for endothelial-PDT. 

PDT is not just a local treatment of solid tumors by photocytotoxicity and/or occlusion of 

the tumor vasculature. PDT also stimulates the host immune system, which contributes 

to the obliteration of any surviving cancer cells at the irradiated tumor37,40,42,66,89,237,238 

and to the recognition and destruction of cancer cells at distant locations 17,36,69. PDT of 

basal cell carcinoma provided uncontroversial clinical evidence for the enhancement of 

systemic antitumor immunity 32.The impact of PDT on the host immune system depends 

on the PDT regimen (eg, DLI, light fluence, light fluence rate) and may range from 
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immune enhancing 66 to immunosuppressive239. Typically, low light doses and low 

fluence rates are described to be more prone to stimulate antitumor immunity 43,66,240. 

Redaporfin (i.e., 5,10,15,20-tetrakis(2,6-difluoro-3-N-methylsulfamoylphenyl)-

bacteriochlorin16) is an amphiphilic bacteriochlorin in clinical trials for head and neck 

cancer 241. Vascular-PDT with redaporfin (0.75 mg/kg, DLI=15 min, 50 J/cm2 @ 130 

mW/cm2) enabled 86 % cures of BALB/c mice with subcutaneously (s.c.) CT26.WT 

implanted tumors but no cures were achieved in immunocompromised nu/nu mice17. 

Although the redaporfin-PDT protocol applied low light doses (50 J/cm2) and high 

fluence rates (130 mW/cm2), 67 % of the cured mice were protect from developing a new 

tumor after rechallenge with the same cancer cells on the contra-lateral thigh. 

Additionally, a significant reduction of distant lung metastasis was noted 17. Other 

insightful investigations on the stimulation of antitumor immunity with vascular-PDT 

include the studies by Hamblin and co-workers using verteporfin37,78,171 and by Scherz 

and co-workers using padeliporfin89. These studies showed that a functional immune 

system is essential for successful vascular-PDT, and that vascular-PDT stimulates T-cell 

dependent antitumor immunity. 

Recently, it was also demonstrated that redaporfin has tropism for the Endoplasmic 

Reticulum (ER) and the Golgi complex triggering signs of ER stress and the main 

hallmarks of immunogenic cell death namely: the translocation of calreticulin to the cell 

surface, active release of ATP, the exodus of HMGB1 and the phosphorylation of eIF2α. 

In accordance, PDT-killed cancer cells injected subcutaneously into syngeneic mice were 

able to protect a fraction of the animals against a second re-challenge with live cancer 

cells of the same type242,243. Currently, redaporfin is in phase I/II clinical trials for head 

and neck cancer and recently, it was described the case of a patient with advanced head 

and neck squamous cell cancer, non-responsive to surgery, radiotherapy or 

chemotherapy, that had strongly benefited from redaporfin-PDT. Three sessions of 

redaporfin-PDT were enough to destroy all the visible tumor which in further 

combination with an immune checkpoint blocker (Nivolumab, PD-1) allowed a complete 

response with the patient, two years later after the PDT, exhibiting no signs of the 

disease241. 

Photodynamic stimulation of the immune system may drive PDT to the frontline of cancer 

immunotherapy25. The critical role of the immune system to the outcome of redaporfin-

PDT motivated the design of this study, which aimed at investigating the mechanism of 
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immune stimulation triggered by redaporfin-PDT, with a special emphasis on vascular-

PDT. The CT26.WT implanted tumor model was selected for this investigation in view 

of the evidences of immune system stimulation mentioned above17. 

Numerous studies in cancer immunotherapy (including within the PDT field) have 

described antitumor immune responses. Most of the studies focused mainly on the 

immune responses at the tumor microenvironment and spleen lymphocytes. However, it 

was recently demonstrated that effective tumor eradication requires a systemic immune 

response, which is critical for the therapeutic outcomes244. The detection of systemic 

immune responses may also offer better opportunities for clinical translation. Monitoring 

antitumor immunity after PDT in a clinical setting is facilitated by the accessibility of 

blood sampling. In view of the importance of systemic immune responses and possible 

availability of blood samples, our study aimed at detecting signs of immune modulation 

at the blood of mice submitted to a vascular protocol of redaporfin-PDT. The changes in 

populations of neutrophils, CD8+ T cells and CD4+ T cells observed in the peripheral 

blood further motivated an assessment of the depletion of such cells 
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 Material and Methods 

3.3.1 Cell line 

CT26.WT cells (ATCC CRL-2638) were cultured in Dulbecco's Modified Eagle's 

medium (DMEM) (Sigma-Aldrich) supplemented with 10% (v/v) heat-inactivated fetal 

bovine serum, 100 U/ml penicillin, and 100 ng/ml streptomycin (Invitrogen).  

3.3.2 Mouse tumor model and PDT 

The Portuguese Animal Health Authority approved the animal experiments (DGAV 

authorization 0420/000/000/2011). Tumors were established by s.c. injection of 350,000 

CT26.WT cells in the right flank of BALB/c (Charles River Laboratories) mice ca. 10 

weeks old (20 g). The optimization of vascular-PDT (0.75 mg/kg, DLI=15 min, 50 J/cm2 

@ 130 mW/cm2, 13 mm diameter illumination circle) with redaporfin was described 

elsewhere17. The illumination employed an Omicron laser at 748 nm. At different time 

points after tumor irradiation, mice were anesthetized, and the blood was collected by 

abdominal artery puncture into heparin-containing tubes.  

3.3.3 Lymphocyte analysis by flow cytometry  

Leukocytes (20 µL of blood) were stained with the following antibodies: APC anti-CD45, 

BV 605 anti-GR1 and BV 785 anti-CD11b, Alexa Fluor 647 anti-CD3ε, PE/Cy7 anti-

CD4, Alexa Fluor 488 anti-CD8a, PE/Cy5.5 anti-CD19, APC/Cy7 anti-CD11c, Pacific 

blue anti-CD49b, PerCP/Cy5.5 anti-CD69 and APC/Cy7 anti-CD25. Erythrocytes were 

depleted with BD FACS Lysing solution (BD Biosciences) and cells were washed 3x with 

phosphate buffer saline (PBS). All antibodies were purchased from BioLegend. For each 

sample, 20,000 lymphocytes were acquired using a FACS Canto II flow cytometer (BD 

Biosciences) or a Novocyte 3000 flow cytometer (ACEA). 

3.3.4 Quantification of blood cytokines  

Plasma was isolated (2000 rpm; 10 min) from the blood collected at different time points 

after tumor irradiation. Quantification of IL-2, IL-4, IL-6, IFN-γ, TNF, IL-17A and IL-

10 was performed using the BD Cytometric Bead Array (CBA) mouse Th1/Th2/Th17 

cytokine kit (BD Bioscience) following the manufacturer’s instructions.  
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3.3.5 Analysis of blood lymphocytes expressing TNF-α, IFN-γ, 

IL-4 or IL-17A by flow cytometry 

PBMC were stained at their surface as previously mentioned followed by intracellular 

staining with specific antibodies against TNF-α, IFN-γ, IL-4 or IL-17A cytokines. The 

IL-17A and IL-4 antibodies were conjugated to PE, whereas TNF-α and IFN-γ antibodies 

were conjugated to PerCP/Cy5.5. FIX & PERM® kit (Invitrogen) was used for cell 

fixation and permeabilization. For each sample, 20,000 lymphocytes were acquired and 

further analyzed as described above. 

3.3.6 In vivo depletion of neutrophils and CD4+ or CD8+ T 

lymphocytes  

Neutrophils depletion was attained with i.p. administrations of anti-mouse Ly6G/Ly6C 

monoclonal antibodies (clone NIMP-R14, BioXCell) that were performed one day before 

PDT (200 µg/animal) and repeated immediately after and 5 days after irradiation (100 

µg/animal). A control group with administrations of IgG isotype (clone LTF-2, BioXCell) 

was also included. Blood samples were collected by tail vein puncture 24 h after the first 

administration and neutropenia was confirmed by flow cytometry. Neutralization of 

CD4+ and CD8+ populations were achieved with regular i.p. administration of 500 

µg/animal of anti-mouse CD4 (GK1.5, BioXCell) and CD8 (53-6.7, BioXCell) 

monoclonal antibodies, respectively. Each antibody was administered 24 h before the 

PDT protocol and its administration was repeated each 5 days until the end of the assay. 

Depletion of the target cells was confirmed by flow cytometry in blood samples 24 h after 

the administration of each antibody. PDT treatments were performed as abovementioned. 

Tumors were measured twice a week with a caliper and the volume was calculated using 

the formula  𝑉 =
 𝑎 . 𝑏2

2
 , where a corresponds to the major diameter and b to the minor 

diameter.  

3.3.7 Histology and Immunohistochemistry (IHC) 

Tumors were fixed in formalin (10 %) and then embedded in paraffin. Sections of 4 μm 

were stained with hematoxylin and eosin (H&E) for histological analysis. The Image J 

software was used in the blind evaluation of the necrotic areas present in the tumor 

sections. The evaluation is expressed as the percentage of the necrotic area in the field of 

view of each section. For IHC, paraffin slices of tumors were deparanized and hydrated. 
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Antigen retrieval was done in 0.1 M citrate buffer (Dako). Endogenous peroxidase was 

blocked with 10 min incubation with 3 % H2O2. Samples were then blocked with 10 % 

goat (for anti-CD3) or rabbit (for anti-Pax5) serum and incubated, overnight at 4 oC, with 

a CD3 or Pax5 antibody (Dako). After washing, for CD3 staining, sections were incubated 

with anti-rabbit EnVision+ System-HRP Labelled Polymer (Dako) whereas for Pax5 

staining, sections were incubated with a biotinylated secondary antibody, washed and 

incubated again with HRP containing avidin-biotin complex (VECTASTAIN ABC kit, 

Vector Laboratories). All sections were revealed with 3,3’-diaminobenzidine and 

counterstained with Harris’ Haematoxylin. Two blinded observers recorded both the total 

number of cells and the number of CD3+ cells in two sections of each tumor separated by 

at least 600 µm. 

3.3.8 Statistical analysis 

The results are presented as the mean ± standard deviation (SD). One-way ANOVA with 

Dunnett´s post-test was used to determine statistically significant differences of the means 

between the control group and the treated groups. Survival analysis was performed by 

means of a Kaplan-Meier estimator. Statistical differences were presented at probability 

levels of p < 0.05 *, p < 0.01 ** and p < 0.001 ***. 
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 Results and Discussion 

3.4.1 Redaporfin-PDT induces accentuated neutrophilia and 

increased levels of the pro-inflammatory cytokine IL-6 

Redaporfin-vascular-PDT is currently in phase I/II clinical trials for head and neck cancer 

which prompted the use of BALB/c mice bearing CT26.WT tumors as the preclinical 

model. Mice were treated with redaporfin-vascular-PDT (0.75 mg/kg, DLI = 15 min, 50 

J/cm2, 130 mW/cm2, 13 mm diameter illumination circle) has previously described17. At 

the indicated time points after tumor irradiation, blood samples were collected, and 

different immune cell populations and cytokines were quantified. Our results 

demonstrated that redaporfin-PDT induced a sustained and significant rise in the 

frequency of granulocytes on the peripheral blood, which peaked 24 h post-PDT (64 ± 6 

%) and recovered to pre-treatment values 72 h after the treatments (15 ± 5 %) (Figure 

6A). Further evaluations using specific antibodies (GR1+ and CD11b+) allowed 

identifying that the major change in the number of granulocytes were due to a 4.2-fold 

increase in the percentage of neutrophils within the CD45+ (common lymphocyte marker) 

population (Figure 6B). The importance of neutrophilia for vascular-PDT with redaporfin 

was further assessed by depleting this population through the i.p. administration of 

monoclonal antibodies against Ly6G/Ly6C one day before PDT and twice post-PDT 

(immediately after irradiation and 5 days later). Flow cytometry analysis of blood samples 

confirmed an effective depletion of Gr1+ neutrophils (Figure 12), which was correlated 

with a significant decrease (37.5 %) of the mice survival upon PDT treatments (Figure 

6C,D). These results are in agreement with other studies using different 

photosensitizers45,68,105.  

Redaporfin-vascular-PDT inflicts damage to the primary tumor, which is rapidly 

followed by a strong inflammation within the first hours that is known to be important for 

the activation of antitumor immunity88. This inflammation is expected to alter the normal 

leukocyte production at the bone marrow by favoring granulopoiesis over 

lymphopoiesis245 which indeed supports the pronounced neutrophilia observed 2 to 24 h 

post-PDT. In accordance with the oedema observed in vivo upon PDT, a strong increase 

of the pro-inflammatory IL-6 cytokine was founded. Its levels were 11-fold higher at 24 

h after vascular-PDT than those found in untreated mice (Figure 7). Although increased 

IL-6 levels are often reported 4-6 h after PDT96,238, the high fluence rate used in this study 
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(130 mW/cm2) is typically associated with low IL-6 expression43. The changes in IL-6 

levels obtained with redaporfin-vascular-PDT, together with those observed for 2-[1-

hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH)-PDT using DLI=24 h and 112 

mW/cm2 43, reveal that IL-6 production occurs more prominently for short DLI, which 

may contribute to overcome the “non-inflammatory” effect of high fluence rates. 

Importantly, elevated serum IL-6 is also observed in patients treated with PDT108,246,247 

and has been correlated with a better prognostic in patients (with primary bile duct cancer) 

submitted to treatment with hematoporphyrin-PDT247. 

 
Figure 6. Redaporfin-PDT induces a strong neutrophilia, which contributes significantly for 

the treatment efficacy. A) Relative percentage of blood leukocyte evaluated by flow cytometry 

at different time points after redaporfin-PDT. B) Relative percentage of neutrophils (CD45+, 

GR1+ and CD11b+) evaluated by flow cytometry 24 h and 7 days after redaporfin-PDT. Bars are 

the mean ± SD of 6 mice. No symbol p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001. C) Survival 

curve of mice bearing CT26.WT tumors treated with redaporfin-PDT in normal conditions or 

upon neutrophils depletion using Ly6G/Ly6C monoclonal antibodies. D) Tumor growth 

represented individually for each mouse (6-11 mice per group). Survival curve statistics by 

LogRank (Mantel-Cox) test. No symbol p > 0.05; * p < 0.05.  
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The anti-inflammatory IL-10 cytokine changed in a similar manner, but its increase was 

rather modest (Figure 7). IL-10 prevents DC maturation and activation cytotoxic T 

cells248, but as will be shown below, the small and short-lived IL-10 increase was 

insufficient to prevent the production of IFN-γ by DC or by CD4+ and CD8+ T cells. In 

fact, increased IL-10 levels may reflect a compensatory anti-inflammatory response to 

limit dangerous over-reactive immune responses, thus reducing collateral tissue 

damage249.  

 
Figure 7. Redaporfin-PDT increases the blood levels of the pro-inflammatory cytokine IL-

6. The quantification of different cytokines (A - IFN-γ, B - TNF-α, C - IL-2, D - IL-10, E - IL-4, 

F - IL-6, G - IL-17A) was performed in the blood at different time points after vascular-PDT. I) 

Representative dot plots that depict the different cytokines in untreated and treated mice. Bars are 

the mean ± SD of 5 mice. No symbol p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001. 

3.4.2 Redaporfin-PDT activates the adaptive immune system and 

depends on CD8+ T cells for tumor eradication 

The successful transition from innate (non-specific) to adaptive (antigen-specific) 

immunity determines the therapeutic outcome of different PDT regimens. This prompted 
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us to evaluate the peripheral CD4+ and CD8+ T cells, which are highly specialized cells 

of the adaptive immune system.  

CD4+ T cells (also known as helper T cells) recognize the tumor-associated antigens on 

the surface of antigen-presenting cells (eg dendritic cells, DC) and release cytokines that 

have a role on the regulation of the adaptive immunity. CD8+ T cells (also known as 

cytotoxic T cells) recognize specific antigens (eg tumor-associated antigen) in cells, 

which turn on their ability to induce death of those cells (eg cancer cell)25. The vascular 

protocol herein described presented higher CD4+/CD8+ T cells ratio within the first hours 

after tumor irradiation (Figure 8A,B). Importantly, higher CD4+/CD8+ T cells ratios have 

been correlated with increased survival rate in cancer patients250. The Very Early 

Activation Antigen, CD69, which regulates the early events of T cell activation, was 

upregulated both on CD4+ and CD8+ T cells. It peaked 6 h after vascular-PDT with 12-

fold and 4-fold increases of CD8+CD69+ and CD4+CD69+ T cells, respectively (Figure 

8C,D). This means that the ratio of the activated CD4+CD69+ and CD8+CD69+ T cells is 

significantly reduced 6 h post-PDT.  

Then, the production of different cytokines (IFN-γ, IL-4, TNF-α, and IL-17A) by 

peripheral immune cells was evaluated at different time points after tumor irradiation. 

Adaptive immunity can be classified in Th1 and Th2 responses. IFN-γ is the most 

important marker of Th1 cells, which are important for the elimination of cancer cells and 

virus- or bacteria-infected cells. IL-4 is secreted by Th2 cells and is typically associated 

with the differentiation of B cells and antibody production.  

Our results demonstrated that the population of CD4+ and CD8+ T cells secreting IFN-γ 

increased significantly in the first 24 h after vascular-PDT as well as the ratio between 

IFN-γ-secreting CD4+ T cells and IL-4-producing CD4+ T cells (Figure 9A-C). These 

findings strongly suggest the involvement of the Th1 arm of the adaptive immune system 

and the activation of CD8+ cytotoxic T cells after redaporfin-vascular-PDT. The Th1 

cytokine IFN-γ can stimulate phagocytic activity of macrophages and DCs, and to 

coordinate the transition from innate immunity to adaptive immunity251. A significant 

increase in the percentage of IFN-γ-expressing DC and NK cells was also observed 6 h 

after vascular-PDT (Figure 9B), which is consistent with the ability of DC, NK and NKT 

cells of the innate immune system to produce IFN-γ252. T helper 17 (Th17) cells are a 

subset of T cells with the ability to produce the pro-inflammatory IL-17 cytokine, which 

has an important role in the migration of neutrophils into the inflammation site and in the 
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stimulation of the granulopoiesis at the bone marrow253, as well as in the recruitment of 

IFN-γ-producing CD8+ T cells by the tumor254. In fact, our results suggest that IL-17A-

producing T cells slightly increased after PDT. This effect was more pronounced in the 

activated CD69+ subset of T cells (Figure 9E,F). Altogether, Th1 CD4+ T cells, CD8+ 

cytotoxic T cells, NK, and DC cells, along with their characteristic production of IFN-γ, 

are important antitumor effectors of our vascular-PDT protocol with redaporfin.  

 
Figure 8. Activated T cells after vascular-PDT with redaporfin. A) Percentage of CD4+ and 

CD8+ T cells and B) ratio of CD4+/CD8+ T cells in the blood of mice at different time points after 

vascular-PDT.  C) Percentage of CD8+ or D) CD4+ T cells expressing CD69 in the blood of mice 

at different time points after PDT. Bars are the mean ± SD of 5 mice. No symbol p > 0.05; * p < 

0.05; ** p < 0.01; *** p < 0.001.  
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Figure 9. Redaporfin-PDT stimulates the production of IFN-γ and IL-17A by different 

immune cells. Production by T cells CD4+ (•) or CD8+ (▪) of A) IFN-γ, B) IL-4, D) TNF-α and 

E, F) IL-17A at different time points after redaporfin-PDT. C) IFN-γ/IL-4 ratio, which was 

obtained by dividing IFN-γ-secreting CD4+ T cells by the IL-4-producing CD4+ T cells. G) IFN-

γ production by DC and H) by NK. Bars are the mean ± SD of 5 mice. No symbol p > 0.05; * p 

< 0.05; ** p < 0.01; *** p < 0.001. 

The importance of CD4+ and CD8+ populations for treatment efficacy was then evaluated 

by depleting these cell populations through the i.p. administration of specific antibodies 

against CD4 or CD8. Each antibody was administered 24 h before the PDT protocol and 

its administration was repeated each 5 days until the end of the assay. Flow cytometry 

analysis of blood samples confirmed an effective depletion of the target cells (Figure 13). 

A significant impact was observed when CD8+ population was depleted (p = 0.046), with 

a reduction in the cure rate by half. In contrast, the depletion of CD4+ population had a 

minimal impact on the tumor growth kinetics that was not statistically significant (Figure 
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10). These findings suggest that cytotoxic T cells have a major role in the development 

of the antitumor immune response elicited by redaporfin-PDT, while helper T cells may 

have just a supportive role. It is interesting to recall that there is a higher increase of 

activated CD8+CD69+ T cells in the blood after PDT than of CD4+CD69+ T cells.  

 

Figure 10. Tumor eradication by redaporfin-PDT is dependent on CD8+ T cells but not on 

CD4+ T cells. A) Survival curve of mice bearing CT26.WT tumors treated with redaporfin-PDT 

in normal conditions or upon depletion of CD4+ or CD8+ T cells. B) Tumor growth represented 

individually for each mouse (9-12 mice per group). Survival curve statistics by LogRank (Mantel-

Cox) test. No symbol p > 0.05; * p<0.05. 

3.4.3 Redaporfin-PDT changes T cells population in the tumor 

bed but not B cells 

Immunohistochemistry of tumors subject to vascular-PDT showed strong hemorrhage 

and necrosis within 24 h after vascular-PDT, which is consistent with a treatment regime 

that targets the tumor vasculature (Figure 11A). This observation is in agreement with 

our previous work that demonstrated the formation of a necrotic eschar that covers the 

illuminated area 3-4 days after vascular-PDT88. Tumor necrosis is evident 24 h post-PDT. 

T cells infiltration almost disappeared 6 h post-vascular-PDT however, it re-appeared 24 

h post-vascular-PDT and reached a higher level than in untreated tumors (Figure 11B)17. 

CD3+ cells were found mostly in the tumor rim, although some CD3+ cells were also 

found inside the tumor. In contrast, B cell tumor infiltration was not observed (Figure 

11C). Cellular-PDT with redaporfin induced less hemorrhage than the one attained with 

the vascular protocol and no significant changes in T cells or B cells infiltration were 

observed (data not shown). 

The therapeutic dose found in phase I/II clinical trials for head and neck cancer with 

redaporfin-vascular-PDT (0.75 mg/kg, DLI = 15 min, 50 J/cm2 @ 130 mW/cm2) [20] is 
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the same as the optimal dose found in preclinical studies with BALB/c mice bearing 

CT26.WT tumors (0.75 mg/kg, DLI = 15 min, 50 J/cm2, 130 mW/cm2, 13 mm diameter 

illumination circle), that cured 86 % of the animals and led to the majority of cured 

animals rejecting re-challenge with the same tumor model17. This motivated further use 

of this animal-model to study immune responses after redaporfin-PDT. Although the use 

of more than one cell line is desirable to draw general conclusions on antitumor immunity, 

the appropriate guidance for clinical translation of redaporfin-PDT previously given by 

immunogenic CT26.WT tumors under the same laser fluence and dosing regimens, may 

also apply to immune responses in the same clinical setting. Antitumor immunity after 

redaporfin-PDT was shown using other cell lines, such as TC1 lung cancer cells242. 

The successful transition from innate to adaptive immunity depends on the PDT regimen 

and determines its efficacy. Redaporfin-vascular-PDT inflicts damage to the primary 

tumor, which is rapidly followed by an acute inflammation. This inflammation alters the 

normal leukocyte production at the bone marrow by favoring granulopoiesis over 

lymphopoiesis245, a response that supports the pronounced neutrophilia observed 2 to 24 

h post-PDT. This neutrophilia significantly contributes for the efficacy of redaporfin-

vascular-PDT as the cure rate decreased from 100 to 62.5 % when the neutrophils were 

systemically depleted. These results are in agreement with other studies that show 

neutrophilia after PDT, namely with photofrin and (tetra(m-tetrahydroxyphenyl)chlorin 

(mTHPC)45,68,105. Selective depletion of neutrophils was previously demonstrated to 

significantly reduce the cure rate of photofrin-based PDT (DLI = 24 h)45.  This is 

explained by the importance of neutrophils for the stimulation of antitumor CD8+ T-cell 

responses, as demonstrated in one study using the photosensitizer 2-[1-hexyloxyethyl]-2-

devinyl pyropheophorbide-a126. 

Consistent with the oedema/inflammation observed in vivo upon PDT, a strong increase 

of the pro-inflammatory IL-6 cytokine was found in the blood of mice treated by 

redaporfin-PDT. This result was unanticipated as typically PDT treatments at high 

fluence rates (as the ones used with our redaporfin-PDT regime, 130 mW/cm2) are 

associated with low IL-6 levels and with minimal antitumor effects. IL-6 is often found 

upregulated in cancer255 and has been associated with the tumorigenic process256. 

However, IL-6 may also have an important antitumor role, for instance, by coordinating 

the transition from neutrophil to lymphocytes infiltration at the tumor bed, thus leading 

to the resolution of inflammation and the initiation of T cell-mediated antitumor 
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immunity255,257. Indeed, studies with porfimer sodium or with HPPH-PDT demonstrated 

that IL-6 inhibition significantly impairs the therapeutic outcome of the PDT 

treatment105,238. Also, increased levels of serum IL-6 have been observed in patients with 

oesophageal squamous cell carcinoma 7 days after PDT with porfimer sodium (DLI=48 

h)34,40, in patients with bile duct cancer submitted to hematoporphyrin-PDT247 and in 

patients with head and neck squamous cell carcinoma 12 h after PDT with Foscan 

(DLI=96 h)246, emphasizing the clinical relevance of IL-6 levels.  

 

Figure 11. Redaporfin-PDT induces strong hemorrhage and necrosis that is accompanied by 

T cells infiltration but not by B cells infiltration (10x magnification). A) Tumors from control 

and treated mice (at the indicated time points) were stained with H&E, H indicates hemorrhagic 

areas and N indicates necrotic areas. B) T cells (CD3+) (brown) infiltration. C) Absence of B cells 

(Pax5) infiltration. 

We also found at the peripheral blood that redaporfin-vascular-PDT elicits an immune 

response mediated by CD4+ and CD8+ T cells producing IFN-γ. The Th1 cytokine IFN-γ 

has the ability to stimulate phagocytic activity of macrophages and DCs, and to coordinate 

the transition from innate immunity to adaptive immunity251. Other studies, both with 

cellular-PDT126,171,237 and vascular-PDT37,89,91,171 have reported T cell differentiation and 

enhanced IFN-γ levels after PDT. Redaporfin-PDT efficacy was dependent on T cells 
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CD8+ but not on CD4+. Similar observations have been reported for PDT with 

photofrin40,69, which was shown to be depend on NK cells, and not on CD4+ cells, for the 

activation of T cells CD8+ cells. It is tempting to speculate that the same occurs for 

redaporfin-PDT, yet it remains to be investigated in further detail. Interestingly, 

Ossendorp and co-workers found that depletion of CD4+ T cells in a PDT protocol with 

DLI = 6 h (“endothelial-PDT”) led to an improved treatment outcome195,227, whereas in 

our vascular-PDT the depletion of CD4+ T cells did not have an impact in the treatment. 

Our results, combined with what is known on the enhancement of antitumor immunity by 

PDT, support the following hypothesis. Neutrophilia (Figure 6) and the strong increase 

of the pro-inflammatory IL-6 cytokine (Figure 7), which are related to innate immunity, 

are a non-specific response that occurs within the first hours after tissue damage (acute 

and sterile inflammation) or pathogen infection. It is well known that neutrophils are the 

first innate immune responders to PDT and are followed by the recruitment of tumor 

infiltrating DCs. These act as mediators between the innate immune system and the 

adaptive immune system. Their main role is to process antigens from the tumor cells and 

present them on their cell surfaces to lymphocytes initiating adaptive immunity. This 

process seems to be accelerated in the context of redaporfin-PDT by the induction of 

immunogenic cell death. Redaporfin-PDT causes the rapid release of cell death-

associated molecules that trigger innate immune activation and bridge toward adaptive 

immunity. In fact, redaporfin-PDT promotes ATP secretion, translocates calreticulin from 

the endoplasmic reticulum to the cell surface and releases HMGB1 more rapidly than 

traditional chemotherapy242,243. The release/exposure of DAMPs (calreticulin, HMGB1, 

ATP, IFN) by cancer cells dying after PDT stimulates the presentation of tumor antigens 

by dendritic cells and polarizes T cell response towards the production of IFN-γ, which 

are essential for antitumor immune responses258–260. DCs migrate to lymph nodes where 

they prime tumor-specific cytotoxic CD8+ T cells (adaptive immunity). Activated 

CD8+CD69+ T cells (Figure 8) can establish immunological memory and may kill cancer 

cells outside the illumination field. Depletion of CD8+ T cells has a dramatic effect on the 

efficacy of redaporfin-PDT (Figure 10).  
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 Conclusion 

This work demonstrates that redaporfin-vascular PDT induces extensive tissue damage at 

the primary (irradiated) tumor, which triggers an acute local inflammation characterized 

by IL-6 expression and neutrophilia that attained a maximum 24 h post-PDT. T cells 

expressing CD69 attained their maximum at 6 h post-PDT and IFN-γ+ cells were 

significantly over-expressed up to 24 h post-PDT, which altogether demonstrates a rapid 

stimulation of the immune system. B cells were not detected 2 h post-PDT, which may 

influence the CD4+ T cell proliferation261. At the same time, the CD3+ T cells are depleted 

at the tumor bed but later, at 24 h post-PDT, a notorious new infiltration of CD3+ T cells 

is attained. The therapeutic effect of redaporfin-PDT is dependent on neutrophils and 

CD8+ T cells but not on CD4+ T cells. Redaporfin-PDT can stimulate CD8+ T cells even 

in the absence of CD4+ T cells, similarly to photofrin-PDT69. The dilemma between 

tumor-controlling (optimally curative but minimally inflammatory and ineffective to 

inhibit secondary disease) and immune-enhancing (inflammatory but unable to control 

primary tumor growth) PDT regimens 43,66 may be solved with redaporfin-vascular-PDT 

at high fluence rates (51±2 J/cm2 at 130 mW/cm2). The effect of currently available 

immunotherapies seems to be limited by the absence of T cell-based inflammation262. 

Arguably, major benefits might be achieved with immunostimulating approaches that 

induce appropriate tissue-based inflammation. Redaporfin-vascular-PDT in a pro-

inflammatory regimen achieved a successful transition from innate to adaptive antitumor 

immunity and transformed the immunosuppressive tumor microenvironment into a more 

favorable homing for antitumor immunity. This therapy may offer new opportunities to 

improve systemic cancer treatments. 
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 Supplementary Material 

 
Figure 12. In vivo neutrophil depletion was confirmed by flow cytometry. Neutrophils 

depletion was attained with i.p. administrations of anti-mouse Ly6G/Ly6C monoclonal antibodies 

(NIMP-R14, BioXCell). Blood samples were collected by tail vein puncture 24 h after the first 

administration and neutropenia was confirmed by flow cytometry. A, B) Representative 

histograms that show the neutrophils level (Gr1+ cells) of a control and a neutrophil depleted 

animal, respectively.  

 
Figure 13. In vivo CD4+ and CD8+ T cell neutralization was confirmed by flow cytometry. 

Neutralization of CD4+, CD8+ were achieved with regular i.p. administration of anti-mouse CD4 

(GK1.5, BioXCell) and CD8 (53-6.7, BioXCell) monoclonal antibodies, respectively. Specific 

depletion was confirmed by flow cytometry of blood samples collected 24 h after the first 

administration. A, B) Representative dot plots that show the effective depletion of CD4+ T and 

CD8+ T cells populations, respectively.
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4 OPTIMIZATION OF 

REDAPORFIN-PDT OF 

IMMUNOSSUPRESSIVE 

TUMOR MODELS  

 Abstract 

Photodynamic therapy is described as a promising strategy for the treatment of cancer. 

The immune responses triggered after PDT, which are essential for the success of the 

treatment, have been considered sufficiently robust to control distant cancer lesions, such 

as metastasis. Melanoma and mammary carcinoma tumor models are recognized to be 

more aggressive and difficult to treat than most mouse tumor models, namely colon 

carcinoma. The response to redaporfin-PDT treatment was evaluated in mouse mammary 

carcinoma expressing luciferase (4T1-luc2) and in mouse skin melanoma (B16F10) 

tumor models, and PDT parameters were optimized to maximize the impact on tumors 

while minimizing treatment lethality. A significant edema that later progresses to necrosis 

was observed in both tumor models. However, cures were only achieved with the B16F10 

tumor model. Imaging with photoacoustic tomography suggested that the lower content 

of redaporfin in 4T1 tumors is the main reason for the challenging behavior of orthotopic 

4T1 model. 
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 Introduction  

Photodynamic therapy (PDT) with photosensitizers such as porfimer sodium, temoporfin 

and padeliporfin was approved for the treatment of various solid tumors in Europe and 

elsewhere. Redaporfin is a recently developed photosensitizer for PDT that is currently 

in phase 2 clinical trials (NCT02070432)241. Redaporfin is a photostable bacteriochlorin 

with intense infrared absorption, high yield of ROS generation, high phototoxicity, low 

skin photosensitivity and favorable pharmacokinetics16,18. A vascular protocol of 

redaporfin-PDT allows a high cure rate in CT26.WT subcutaneous tumors implanted in 

BALB/c mice. Antitumor immune memory and resistance to metastasis were observed in 

this animal model17. We have shown that the success of a vascular protocol using 

redaporfin-PDT depends on the presence of specific cell populations of the immune 

system, namely cytotoxic lymphocytes127. We hypothesize that the combination of 

redaporfin-PDT with an immune therapy may potentiate the efficacy of both therapies, 

namely by increasing the response rates of immunotherapies and strengthening the 

systemic effect of PDT, especially in tumors more difficult to treat. 

This chapter reports the optimization of redaporfin-PDT treatment of aggressive tumor 

models that represent a challenge to PDT and to immunotherapies. Our selection of tumor 

models focused mainly on tumor immunogenicity, i.e., the ability of the tumor to induce 

adaptive immune responses, which is mostly mediated by T lymphocytes.  Redaporfin-

PDT can elicit immunogenic cell death (ICD) and may be able to enhance the 

immunogenicity of tumor cells. ICD in vivo alters the tumor microenvironment leading 

to an increase in Th1 and Th17 cytokines. This is expected to exacerbate the response of 

interventions aimed at reactivating tumor-infiltrating leukocytes, such as the 

administration of anti-cytotoxic T-lymphocyte antigen (CTLA)-4 and anti-PD1 

antibodies30. Comprehensive immune profiling of eight murine solid tumors showed that 

CT26 colon tumor models were the more immunogenic and B16 melanoma models were 

the least immunogenic of the studied tumor models263. Redaporfin-PDT of CT26 tumors 

implanted in the flank of BALB/c mice was optimized using a Kolliphor formulation later 

translated to the redaporfin clinical trial17,241. Redaporfin-PDT of B16F10 tumors with 

different intravenous formulations was recently published85. Here we revisit this tumor 

model with the kolliphor formulation in clinical trials. Additionally, this chapter reports 

redaporfin-PDT of 4T1 mouse mammary carcinoma, to include a moderately 

immunogenic but rapidly metastasizing tumor. 
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Melanoma is the most dangerous skin cancer, with a poor prognosis in advance stages. 

PDT has been evaluated for the treatment of melanoma and revealed promising results. 

Melanoma presents several challenges to PDT: the absorption of light by the highly-

pigmented melanin, the antioxidant effect of melanin the sequestration of PSs inside 

melanosomes, among many other difficulties264. Melanoma tumors are usually resistant 

to traditional treatments, such as chemotherapy and radiotherapy.  

Metastases are the most often cause of morbidity and mortality of late-stage cancers and 

new strategies that influence these distant lesions are needful. The 4T1 mammary 

carcinoma cell line is one of the few breast cancer models that metastasizes via the 

hematogenous route to the same organs of human breast cancer, including lungs, liver, 

and bone265. Another advantage presented by 4T1 cell line is the possibility to be 

implemented in immunocompetent mice which allows to evaluate the tumor-host 

interactions, namely immune interactions.  

Photodynamic therapy efficacy is highly dependent on several parameters that need to be 

optimized to generate the desired outcome. The right balance between drug dose (DD), 

light dose (LD), drug-to-light interval (DLI), irradiance and margins of illumination is 

essential to destroy the target lesion without severe damage in nearby healthy tissues. 

Additionally, the type and extent of stimulation of the immune system may depend on the 

protocol applied127,236. Gollnick and coworkers described that different protocols 

parameters could trigger either an enhanced immune activation and/or the complete 

control of the primary tumor66. Redaporfin-PDT parameters were optimized to create an 

higher impact in the tumor, which could be further combined with the immunotherapy 

strategies to potentiate the antitumor immune response. Photoacoustic tomography was 

used to evaluate redaporfin uptake profile by different tumors. 
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 Material and Methods 

4.3.1 Chemicals 

5,10,15,20 - Tetrakis (2,6-difluoro -3-N-methylsulfamoylphenyl) bacteriochlorin 

(redaporfin) was provided by Luzitin SA (Coimbra, Portugal). Redaporfin for intravenous 

administration was formulated in NaCl 0.9%: EtOH: Kolliphor (98.8:1:0.2) and the 

concentration was confirmed by absorption spectra. The appropriate volume of PS was 

calculated according to the drug dose and the animal weight. Kolliphor EL®, NaCl, 

absolute ethanol (EtOH), and Matrigel were purchased from Sigma-Aldrich Corp. (St. 

Louis, MO, USA).  

4.3.2 Cell lines 

CT26.WT (mouse colon carcinoma) cells (CRL-2638™, ATCC-LCG Standards), 4T1-

luc2 cells (Perkin-Elmer) and B16F10 (gently given by IPO, Porto, Portugal) were 

cultured in Dulbecco's Modified Eagle's medium (DMEM) (Sigma-Aldrich) 

supplemented with 10 % (v/v) heat-inactivated fetal bovine serum (Gibco), 100 U/ml 

penicillin and 100 ng/ml streptomycin (Sigma-Aldrich).  

4.3.3 Animal tumor models and PDT protocol 

The Portuguese Animal Health Authority approved the animal experiments (DGAV 

authorization 0420/000/000/2011). CT26 tumors were established by s.c. injection of 

350,000 CT26.WT cells in the right flank of female BALB/c (Charles River Laboratories) 

mice ca. 10 weeks old (20 g). B16F10 tumors were established by s.c. injection of 500,000 

B16F10 cells in Matrigel:PBS (1:1) in the right flank of female C57BL/6J (Charles River 

Laboratories) mice ca. 10 weeks old (20 g). 4T1-luc2 tumors were established by s.c. 

orthotopical injection of 20,000 cells in the right abdominal mammary fat pad of female 

BALB/c (Charles River Laboratories) mice ca. 10 weeks old (20 g).  

The day of PDT treatment is defined when the diameter of the tumors reaches 5-6 mm. 

PDT parameters (drug dose, light dose, drug-to-light interval, and size of illumination 

spot) were optimized for each model and all tested protocols are described below. 

Redaporfin was formulated in Kolliphor EL®:EtOH:saline 0.9 % (98.8:1:0.2) and 

administered to mice by tail-vein injection. The illumination of tumors employed an 

Omicron laser at 748 nm. The kinetic of tumor growth was followed after PDT. For 
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CT26.WT and 4T1-luc2 tumors, two radicular diameters were measured, and the volumes 

were calculated using the formula 𝑉 =
 𝑎 . 𝑏2

2
 , where a corresponds to the major diameter 

and b to the minor diameter. For B16F10 tumors, three radicular diameters were 

measured, and the volumes were calculated using the formula 𝑉 =
 𝑎 .  𝑏 .  𝑐 

2
 , where a 

corresponds to the major diameter, b to the minor diameter and c to the tumor height. The 

endpoint was defined as a tumor diameter higher than 12 mm, or 60 days of tumor-free 

survival post-PDT, to evaluate the impact of the treatment and the kinetics of tumor 

growth. Mice without palpable tumor 60 days after the treatment were considered cured. 

4.3.4 Photoacoustic Tomography 

Redaporfin accumulation on tumor was assessed at several timepoints with the Vevo 

LAZR-X multimodal imaging system from Fujifilm-VisualSonics (Toronto, Canada). 

For all imaging procedures, anesthesia was induced and maintained using isoflurane (1.5-

2.5%). Each animal was placed in the right position (supine for 4T1 model and prone for 

CT26.WT model) and tumors region were covered with standard gel for ultrasound. After 

positioning the transducer in a perpendicular position relative to the center of the tumor, 

the scanning was initialized. The system was equipped with a 40 MHz central frequency 

transducer with 40 μm axial resolution (MX550D). Molecular images were acquired in 

the PA-mode between 680 and 970 nm with 5 nm steps, and B-mode ultrasound was used 

to collect anatomical images. Spectra acquisition was acquired in a fixed position, one 

axial slice, varying the wavelength from 680 nm to 970 nm. 3D multiwavelength (MW) 

acquisition was performed by scanning the whole tumor at specific wavelengths (680, 

740, 750, 765, 924 and 966 nm) and with a 3D step size of 0.5 mm. Both gain values of 

B and PA mode were set at the beginning of the experiment and maintained through the 

whole experiment. Unmixing of the MW data was performed with the VevoLab software 

and took in consideration the PA spectra of redaporfin, oxy- and deoxy-hemoglobin 

(Figure 16). The PA average value of redaporfin was calculated in the tumor volume and 

normalized with the blank acquisition performed prior the PS administration. 

4.3.5 Statistical Analysis 

The results are presented as the mean ± standard error of the mean (SEM). Survival 

analysis was performed by means of a Kaplan-Meier estimator and log-rank (Mantel-

Cox) test. Two-way ANOVA with Dunnett´s post-test was used to determine statistically 
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significant differences of the means between the groups. Statistical differences were 

presented at probability levels of p < 0.05 *, p < 0.01 **, p < 0.001 *** and p < 0.0001 

****. 
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 Results and Discussion 

4.4.1 PDT optimization of melanoma and mammary carcinoma 

animal models 

Photodynamic therapy of melanomas is generally more challenging due to pigmentation, 

both present on the tumor cells and on skin of C57BL/6 animals. PDT has potential for a 

promising treatment of melanoma, but more research is still needed to develop an 

effective photosensitizer. 
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Figure 14. Redaporfin-PDT treatment optimization of B16F10 animal model. C57BL/6 mice 

bearing s.c. B16F10 tumors were treated with different drug and light doses in a vascular protocol 

of redaporfin-PDT (DLI=15 min). (A) Survival plot of the tested PDT protocols. p value of log-

rank test of: Untreated vs 1mg/kg+75J/cm2: 0.0100; Untreated vs 0.88mg/kg+50J/cm2: 0.0224. 

(B) Individual tumor growth representation of mice. (C) Images of tumors before and after PDT 

illumination. 6h after illumination a strong edema is observed which then turns into necrosis at 

24-72 h after illumination.  

Redaporfin absorbs in the near-infrared (750 nm) region which represents a good 

advantage to avoid the melanin absorption spectrum and insufficient light penetration264. 

Vascular redaporfin-PDT of a melanoma tumor model in male mice was previously 

reported by Dabrowski and coworkers, where it was demonstrated that higher drug and 

light doses were needed to trigger an impact on tumors in comparison with CT26.WT 

A C 

B 
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tumors85. However, due to the differences in sensitivity between male and female tumor 

models, direct correlation was not possible to apply. 

Five different protocols were tested on the melanoma tumor model with conditions 

starting from the optimized protocol for CT26.WT tumor model. All the tested procedures 

were vascular protocols, i.e., with an interval of 15 minutes between administration of the 

photosensitizer and the illumination of the tumor. Different combinations of drug (0.63-

1 mg/kg) and light doses (50-90 J/cm2) were tested to balance efficacy and safety and 

achieve the best outcome. The size of illumination spot was kept at 13 mm to maintain 

enough margins around the tumor but also to avoid damage in the surrounding tissues.  

Table 6. Macroscopic evaluation score criteria for PDT treatment impact on primary 

tumors. 

Edema 

increased blood vessel wall permeability due 

to inflammation and obstruction of fluid 

clearance in the lymphatic system 

Necrosis 
black necrotic tissue formed when healthy 

tissue dies and becomes dehydrated, typically 

because of local ischemia 
no edema 0 no necrosis 0 

light edema 1 mild erythema 1 

strong edema 2 superficial necrosis 2 

  deep necrosis 3 

After PDT, animals were followed for up to 40 days to evaluate the impact on tumor 

growth. The assessment of therapeutic efficacy was performed by evaluating the survival 

plots and by comparing tumor growth kinetics, which are represented in Figure 14. 

However, the destruction of the primary tumor was not always completely achieved and 

due to necrosis and edema, measuring tumor boundaries not always seem to be the best 

evaluation method for this strategy. Regarding this, the impact of PDT on tumors was 

also macroscopically evaluated in terms of edema and necrosis following the criteria 

presented on Table 6.  

In this study, the protocols designed for melanoma PDT evaluation consist of a DLI of 

15 min, similarly to CT26.WT mice, which represents a vascular protocol with the major 

damages occurring in the vasculature of the tumor. Redaporfin-PDT was tested with 

gradual small increases of drug or light doses from the optimized protocol for CT26.WT 

tumors. According with the outcomes achieved in the first studies, alterations were made 

until a significant and safe impact on tumors was observed. In comparison with colon 

carcinoma, PDT elicited a stronger edema in B16F10 tumors as soon as 6 h after PDT, 
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which is demonstrated in Figure 14. Although edema was triggered with low doses of 

drug/light, considerable signs of necrosis in the tumor were only verified with drug doses 

of 1 mg/kg and illumination with 75 J/cm2. 

In general, redaporfin-PDT treatments were well tolerated, animals did not show any 

severe adverse effects and had no signs of photosensitivity after PDT. Higher drug doses 

or light doses proved to be harmful for the animals. Furthermore, when light doses 

increased to 90 J/cm2 and drug dose decreased to 0.75 mg/kg, edema and necrosis 

appeared to be lower, which led us to decide on the previous protocol as the most 

favorable protocol to treat B16F10 tumor.  

Table 7. PDT parameters of the several tested protocols for B16F10 melanoma model. Drug 

and light doses were tested to obtain the best outcome in terms of impact on treatment. 

Macroscopic alterations on tumor, as edema and necrosis, were evaluated and scored according 

to Table 6. 

Redaporfin 
dose  

(mg/Kg) 

Light 
dose 

(J/cm2) 

DLI 
(min) 

Spot 
diameter 

 (cm) 
n 

Survivals 
to PDT 

PDT Impact Score 

Edema Necrosis 

0.88 (±0.12) 50 15 1.3 3 100 % 1.33 0.33 

0.63 (±0.12) 70 15 1.3 3 100 % 1.67 1.00 

0.98 (±0.22) 60 15 1.3 3 100 % 1.33 1.33 

1.00 75 (±5) 15 1.3 4 100 % 1.50 2.25 

0.75 90 15 1.3 1 100 % 1.00 2.00 

 

Pucelik et al. described a protocol for the treatment of B16F10  on a male tumor model 

combining 1.5 mg/kg of redaporfin with a light dose of 74 J/cm2, leading to remarkable 

results85. The authors demonstrated that the efficacy was dependent on the formulation, 

possibly by tumor selectivity and ROS generation enhancement. A similar study, with a 

water-soluble bacteriochlorin, was reported by Dabrowski et al. with a different 

melanoma cell line, S91. The authors demonstrated that tumors illuminated with 108 

J/cm2 24 h after i.p. administration of 10 mg/kg of PS resulted in significant tumor 

regression266.  Schrez and coworkers reported that the best outcomes on a melanoma 

xenografts model were achieved with a vascular protocol with 9 mg/kg of the 

photosensitizer WST11 and a light exposure dose of 100 mW/cm2 267. This protocol 

revealed an effective tumor flattening and a high cure rate.  
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Regarding the mammary carcinoma model, 4T1 cell line models are recognized to be an 

extremely challenging model for all types of treatment modalities, due to the 

aggressiveness of the tumor, the immunosuppressive tumor microenvironment and the 

ability to metastasize to several organs, which in late stage of human breast cancer is the 

main cause of death the patients. These evidences make the 4T1 an extremely challenging 

tumor model but also very relevant for the clinics, being extensively studied by the 

scientific community. 

Several strategies were tested and parameters such as drug dose, light dose, DLI, 

illumination spot size, and fluence were extensively studied to achieve the best protocol. 

Some of the presented results refers to optimization experiments previously reported 

elsewhere268. Initial experiments involved a vascular protocol with drug and light doses 

(protocols from V1 to V4 on Table 8), similar to the optimized parameters for the colon 

carcinoma model. However, while low doses appear to have no impact on the tumor, 

slight increases on drug dose (from 0.75 to 1 mg/kg) already created damages in the 

surrounding healthy organs (liver and kidney necrosis confirmed in mice necropsies), 

without triggering a considerable effect on the tumor. To minimize the adverse effects on 

the surrounding organs the illumination spot area was reduced. A complete survival to 

the treatments were enabled, however no significant impact of PDT on the tumor was 

observed.  

As it has been previously discussed in the literature, the environment where tumor cells 

grow seem to be highly relevant for the way tumors respond to treatments. Considering 

this, we evaluated, in parallel to this optimization process, how PDT impact on 4T1 

tumors differs when it is subcutaneously implanted in the leg of the animals (protocols 

V5 and V6 of Table 8) in comparison to when it is orthotopically inoculated in the 

mammary gland. From the outcomes of the treatments, it was possible to see that the same 

protocol which revealed almost no impact on orthotopic tumors triggered a strong edema 

on the subcutaneous model. This suggests that PDT of subcutaneous tumors triggers an 

higher immune response, however further characterizations of immune infiltrations of 

both models should be performed to confirm these conclusions. Even though the response 

on subcutaneous tumors appeared to be significantly better, this model does not correctly 

mimic the tumor environment of the human disease, which after all, is the main goal in 

using these strategies. For these reasons, the optimizations were continued on the 

orthotopic model. 
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Drug-to-light intervals of 15 minutes means that the photosensitizer is in the circulatory 

system at the time of irradiation and there was no time to increase selectivity, redaporfin 

is in circulation in the tumor vasculature but also in the vital organs. From previous 

studies regarding the deep of necrosis achieved with 750 nm laser light, it was reported 

that illumination of livers 15 minutes after intravenous administration of redaporfin 

resulted in a necrosis depth higher than 4 mm for light doses above 25 J/cm2 28. This data 

confirms that if the content of redaporfin in the first millimeters of tissue is not enough to 

absorb light and work as an inner filter, necrosis in deeper organs with higher content of 

redaporfin is most likely to occur.  

As the balance between the required amount of drug to create an impact on the tumor but 

without damaging the vital organs seems too hard to attain in vascular protocols, the 

following strategy was to increase the time between PS administration and the 

illumination to allow the PS to accumulate on the tumor and be cleared from the 

circulatory system and vital organs. The tested protocols included DLI from 48 to 96 h, 

with different doses of redaporfin and light (protocols C1 to C7 of  Table 8). This strategy 

allowed to increase light or drug dose, maintaining the survival of the animals to PDT but 

increasing the edema after the treatments. However, as no significant necrosis on the 

tumor was achieved, strategies with increased light and drug doses were tested, but 

animals did not survive to these PDT conditions. Furthermore, strategies combining 

different DLIs were also tested but with no significant advantages (protocols CV1- CV5 

of Table 8).  

Even though higher light penetration represents a huge advantage to treat deeper lesions, 

our results suggest that light that reaches deeper vital organs was enough to cause severe 

damages. The strategy to minimize these adverse effects was to change the direction of 

tumor illumination from a frontal to a transversal illumination, as demonstrated in Figure 

15A. This way light was able to go through the tumor with a considerably minimization 

of phototoxicity on adjacent organs. The protocols implemented with this approach are 

described in Table 8 (TV1 to TC3). Better results in terms of edema and necrosis where 

achieved with illumination of the tumor, with 100 J/cm2, 72 h after the administration of 

1.8 mg/kg of redaporfin.  
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Table 8. Redaporfin-PDT parameters of the several tested protocols for 4T1-luc2 mammary 

carcinoma model. Drug and light doses, illumination spot diameter and fluence were tested to 

obtain the best outcome in terms of impact on treatment. Macroscopic alterations on tumor, as 

edema and necrosis, were evaluated and scored according to Table 6 criteria. o.t. - orthotopic; s.c. - 

subcutaneous; Prtcl - Protocol: V - vascular protocol; C - cellular protocol; CV - cellular and vascular protocol; TV/TC 

- transversal irradiation of tumor with vascular/cellular protocol. * optimization protocols previously reported in 268. 

Prtcl Model 

Drug 

dose 

(mg/Kg) 

DLI 

Light 

dose 

(J/cm2) 

Spot 

diameter 

(cm) 

Fluence 

(mW/cm2) 
n 

Survival 

to PDT 

Impact Score 

Edema Necrosis 

 

V1* o.t. 1.00 15 min 50 1.3 130 7 43 % 0 1 

V2* o.t. 0.75 15 min 50 1.3 130 2 100 % 0 1 

V3* o.t. 0.75 15 min 50 1.1 182 2 100 % 0 1 

V4* o.t. 1.00 15 min 50 1.1 182 1 100 % 0 1 

V5 s.c. 1.00 15 min 50 1.3 130 1 100 % 2 0 

V6 s.c. 1.00 15 min 100 1.3 130 1 100 % 2 1 
 

C1* o.t. 1.00 72 h 100 1.3 130 1 100 % 0 2 

C2* o.t. 2.00 72 h 50 1.0 220 6 100 % 2 1 

C3* o.t. 2.00 72 h 75 1.0 131 6 0 % 1 1 

C4* o.t. 2.00 72 h 65 1.0 131 6 0 % 1 1 

C5 o.t. 1.00 72 h 100 1.3 130 5 100 % 1 1 

C6 o.t. 1.00 72 h 120 1.0 150 6 83 % 0 1 

C7 o.t. 1.00 48 h 120 1.0 150 1 0 % 0 1 

C8 o.t. 1.00 96 h 120 1.0 150 1 100 % 0 1 
 

CV1* o.t. 
1.00 

0.5 

72 h 

15 min 
80 1.3 130 1 0 % - - 

CV2* o.t. 
1.00 

0.5 

72 h 

15 min 
60 1.3 130 1 100 % 1 1 

CV3* o.t. 
1.00 

0.5 

24 h 

15 min 
50 1.0 220 4 0 % - - 

CV4* o.t. 
1.00 
1.00 
0.4 

144 h  
72 h 

15 min 
50 1.0 220 3 100 % 1 1 

CV5* o.t. 
2.00 

0.4 

72 h 

15 min 
50 1.0 220 3 0 % - - 

 

TV1 o.t. 1.8 15 min 120 1.1 178 2 100 % 1 1 

TC1 o.t. 1.0 48 h 120 1.1 178 4 100 % 1 1 

TC2 o.t. 1.8 72 h 100 1.2 137 2 100 % 1 2 

TC3 o.t. 1.8 72 h 150 1.2 137 3 100 % 1 2 
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4.4.2 Accumulation profile of redaporfin is dependent on the 

tumor models 

To further understand the challenges to achieve any impact on mammary carcinoma 

tumors, the accumulation of redaporfin in 4T1 tumors was compared with CT26 tumors 

over time with photoacoustic tomography. Redaporfin was intravenously administered to 

mice with 4T1-luc2 and CT26.WT tumors and at several timepoints tumors were scanned 

by photoacoustic tomography and multiwavelength acquisitions were performed at seven 

specific wavelengths from 680 to 970 nm. The unmixing method from VevoLab software, 

described elsewhere269, allowed to evaluate redaporfin, oxy- and deoxy-hemoglobin 

content inside tumors and the results are presented in Figure 15B,C. 

According to the photoacoustic average of 3D tumor volumes, redaporfin showed a 

maximum on PS accumulation at 15 minutes after injection, corresponding to the 

accumulation in tumor vasculature. Later, at 24 h after injection it is possible to identify 

a new peak which suggests an accumulation in tumor cells. All these findings go in 

agreement with the uptake profile previously reported for CT26.WT models with 

biodistribution studies18. Surprisingly, the photoacoustic signal obtained with 4T1 model 

revealed to be much lower, which may indicate that even though the same drug doses 

were administered, the content that reaches the inside of the tumor was much less over 

time. While in CT26.WT model redaporfin tumor content is higher in the first 24 h, for 

4T1 model the accumulation of PS appears to be higher for longer timepoints, as for 48 h 

and 72 h. These results support the outcomes from the optimization protocols, which 

indicates that better impacts on the tumor are only achieved for longer timepoints/DLIs.  
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Figure 15. Redaporfin tumor accumulation followed by photoacoustic (PA) tomography. A) 

Transversal irradiation of 4T1-luc2 tumors. B) Violin plot representation of redaporfin tumor 

content. Accumulation of the photosensitizer was assessed after i.v. injection of the formulated 

redaporfin with a drug dose of 1.65±0.15 mg/kg at several timepoints. Before PS injection, an 

initial acquisition was performed which is referred as the blank and the following acquisitions 

were normalized with the blank. Photoacoustic tomography was used to assess the content of 

redaporfin inside tumors using the unmixing feature of VevoLab and considering as components 

redaporfin, oxy- and deoxy-hemoglobin. C) B-mode and photoacoustic unmixed images of 

CT26.WT and 4T1-luc2 tumors prior redaporfin injection and at the highest PA average 

timepoints after i.v. injection. Color legend: red - oxyhemoglobin; blue - deoxyhemoglobin; 

green - redaporfin. 
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 Conclusion 

The present study reports the optimization process of redaporfin-PDT of two different 

immunosuppressive cancer models. For each model, the drug dose and light dose, dug-

to-light interval, area of the illuminated region and fluence were tuned to achieve the best 

impact on the tumor whilst avoiding effects on healthy tissues. The results show that the 

same dose that leads to approximately 80 % cures in CT26.WT model revealed to be 

completely ineffective in the described models. A strong edema which then ended up in 

a significant necrosis was achieved on B16F10 tumor model with a redaporfin dose of 1 

mg/kg and a light dose of 75 J/cm2. This protocol increased the median survival time of 

mice and achieved a percentage of cures of almost 30 %. The mammary carcinoma model 

revealed to be much more challenging to treat and despite the extensive tries to obtain the 

suitable protocol, no cures were possible to attain. Nevertheless, a significant impact, with 

visible edema and necrosis, was attained with 1.8 mg/kg of redaporfin and 100 J/cm2. 

Further studies allowed to elucidate that the ineffectiveness of redaporfin-PDT on 4T1 

tumor is related to the low content of redaporfin that manages to accumulate in the tumor. 

It is suggested that the impact created on tumors by PDT may impact on tumors 

responsiveness to other therapies, such as immunotherapies. Combinations strategies will 

be further discussed in chapter 5. 
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  Supplementary Material 

 

Figure 16. Normalized photoacoustic spectra of redaporfin, oxy- and deoxy-hemoglobin. 

Redaporfin was prepared in in vivo formulation and PA spectra was acquired in a phantom 

apparatus with the Vevo LAZR-X multimodal imaging system. Oxy- and deoxy-hemoglobin are 

already part of the Vevo LAZR-X analysis software. 
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5 COMBINATORIAL 

APPROACHES OF 

REDAPORFIN-PDT AND 

IMMUNOTHERAPY  

 Abstract 

Photodynamic therapy (PDT) has shown great efficacy in treating solid tumors, however 

it remains a challenge to apply PDT for the treatment of disseminated disease, such as 

metastatic cancer. The antitumor effect elicited by PDT is in some cases opposed by the 

immunosuppressive mechanisms elicited by tumor cells which makes the treatment 

ineffective. Thus, immunotherapies that have as major goal the alleviation of this 

immunosuppressive tumor environment are interesting to be used in combinatory 

therapies aiming at higher efficacies with better antitumoral and antimetastatic effects. 

These chapter reports the use of three different tumor models to test the combination of 

redaporfin-PDT with immunotherapies using CTLA-4 and PD-1. Treatment outcomes 

were evaluated by survival percentage, tumor growth kinetics and, for the carcinoma 

model the observation of metastasis development. This latter case employed 

bioluminescent imaging. Furthermore, we evaluated the changes on expression of several 

immune checkpoint molecules triggered by redaporfin-PDT in vitro.  

Combination of redaporfin-PDT with CTLA-4 immunotherapy, but not with PD-1, led to 

a significant improvement of survival and a higher cure rate for the colon carcinoma 

animal model. However, the same was not achieved for the melanoma and breast 

carcinoma animal models. Expression of immune checkpoint molecules was induced in 

tumor cells treated in vitro with redaporfin-PDT. The most notable changes were 

observed for CD80 and PD-L1. These results showed that the combination of 

photodynamic therapy with immunotherapy may be successful for the treatment of 
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malignant diseases that have resistance to immunotherapies alone. This highlights the fact 

that a general strategy may not be ideal for every tumor model and an individual 

optimization must be considered. Combinatorial approaches are not universal and they 

must be tailored to the specificities of each clinical case. 

 Introduction  

Malignant cancer diseases usually present a poor diagnosis and outcome caused by their 

invasiveness and difficulty to treat. PDT is a promising and effective cancer treatment, 

however some limitations occur when the ambition is to go beyond the local treatment 

and attempt to destroy isolated tumor cells and distant lesions, such as metastasis. 

Redaporfin-PDT is described to create a potent cytotoxic effect with the induction of 

antitumoral immune response17. Efficacy of redaporfin-PDT was previously reported to 

be dependent on cytotoxic T cells127. However, low immunogenic tumors or advanced 

stage conditions are extremely difficult to control, and PDT alone may not be curative.  

Tumor microenvironments of low immunogenic models are described by the presence of 

a high percentage of anergic immune cells that overexpress inhibitory proteins, such as 

immune checkpoints. Immune checkpoints comprise several immunosuppressive 

mechanisms that play essential roles in maintaining immune homeostasis and protect the 

host from exacerbated immune responses to pathogens or even against self-components. 

These pathways are usually co-opted by tumors as a mechanism to escape from immune 

attack. The reversion of exhausted T cells is one of the strategies that have been proposed 

as a promising therapy to combine with PDT. The most studied strategies englobe the 

blocking of CTLA-4 and PD-1/PD-L1 immune checkpoints pathways, which already 

have approved drugs in clinical use.  

Regarding this, we hypothesized that redaporfin-PDT efficacy could be enhanced through 

combination with immune checkpoint blockers. The main goal of the work reported here 

was to combine PDT with immunotherapies and evaluate the impact of these 

combinations on the overall survival. Furthermore, we evaluated in vitro changes in the 

expression of some molecules involved in the inhibitory checkpoints of the immune 

system, triggered by redaporfin-PDT.   
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 Material and Methods 

5.3.1 Chemicals 

5,10,15,20 - Tetrakis (2,6-difluoro -3-N-methylsulfamoylphenyl) bacteriochlorin 

(redaporfin) was provided by Luzitin SA (Coimbra, Portugal). Redaporfin for intravenous 

administration was formulated in NaCl 0.9%: EtOH: Kolliphor (98.8:1:0.2) and the 

concentration was confirmed by absorption spectra. The appropriate volume of PS was 

calculated according to the drug dose and the animal weight. Kolliphor EL®, NaCl, 

absolute ethanol (EtOH), and Matrigel were purchased from Sigma-Aldrich Corp. (St. 

Louis, MO, USA). 

5.3.2 Cell lines  

CT26.WT cells (ATCC® CRL-2638™), 4T1 cells (ATCC® CRL-2539™), 4T1-luc2 

cells (Perkin-Elmer) and B16F10 (kindly provided by IPO, Porto, Portugal) were cultured 

in Dulbecco's Modified Eagle's medium (DMEM) (Sigma-Aldrich) supplemented with 

10% (v/v) heat-inactivated fetal bovine serum (Gibco), 100 U/ml penicillin and 100 ng/ml 

streptomycin (Sigma-Aldrich).  

5.3.3 Mouse tumor model and PDT 

The Portuguese Animal Health Authority approved the animal experiments (DGAV 

authorization 0420/000/000/2011). CT26.WT tumors were established by s.c. injection 

of 350,000 cells in the right flank of BALB/c (Charles River Laboratories) mice ca. 10 

weeks old (20 g). B16F10 tumors were established by s.c. injection of 500,000 cells in 

Matrigel:PBS (1:1) in the right flank of C57BL/6J (Charles River Laboratories) mice ca. 

10 weeks old (20 g). 4T1-luc2 tumors were established by s.c. orthotopical injection of 

20,000 cells in the right abdominal mammary fat pad of BALB/c (Charles River 

Laboratories) mice ca. 10 weeks old (20 g). The day of each PDT treatment was 

determined as the day the diameter of each tumor reached 5-6 mm. The protocols for the 

combinations were deliberately selected not to present efficacy when applied for PDT or 

immunotherapy alone. 

 For CT26.WT tumors the protocol was 0.6/0.75 mg/kg of redaporfin, DLI=15 min, 50 

J/cm2 @ 130 mW/cm2, 13 mm diameter illumination circle, orthogonal illumination. For 

B16F10 tumors the protocol was 1 mg/kg of redaporfin, DLI=15 min, 75 J/cm2 @ 130 
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mW/cm2, 13 mm diameter illumination circle, orthogonal illumination. For 4T1-luc2 

tumors the protocol was 1.8 mg/kg of redaporfin, DLI=72 h, 100 J/cm2 @ 130 mW/cm2, 

13 mm diameter illumination circle, transversal illumination to the tumor. The 

illumination employed an Omicron laser at 748 nm. The kinetic of tumor growth was 

followed after PDT. The endpoint was defined to evaluate the impact of the treatment and 

the kinetics of tumor growth with and without the combination with immune checkpoint 

blockers. The animals were sacrificed when the longest tumor diameter reaches 10-12 

mm. Animals without palpable tumor 60-days post-PDT were considered cured.  

 

5.3.4 Immune checkpoint blockade with monoclonal antibodies 

Immune checkpoint blockade was performed with monoclonal antibodies for PD-1 and 

CTLA-4 molecules. mAb were administered 1 day before, 1 and 3 days after PDT or 2 

days before, 30 min before, 4 and 8 days after PDT. mAb were administered in the 

following dosages: anti-PD1 (CD279, clone RMP1-14, BioXCell) – 12.5 mg/kg; anti-

CTLA-4 (CD152, clone UC10-4F10-11, BioXCell) – 5 mg/kg; isotype control (IgG2b, 

Clone MPC-11, BioXCell) – 5 mg/kg.  

5.3.5 IVIS Imaging 

4T1-luc2 cell line expresses luciferase, which allowed the luminescence imaging of the 

development of 4T1-luc2 primary tumors and metastasis using the IVIS Lumina XR in 

vivo imaging system (Caliper LifeSciences, Hopkinton, MA, USA). Chemiluminescence 

data was collected from BALB/c mice with 4T1-luc2 tumors 7 minutes after i.p. 

administration of D-luciferin (150 mg/kg in PBS) (PerkinElmer, USA) with open 

emission filter to confirm the establishment of the primary tumor and the development of 

metastasis. Mice hair in the thorax region was removed with a commercial hair removal 

cream. To prevent motion, mice were anesthetized immediately after the i.p. injection, 

and kept under anesthesia during the whole acquisition, with an inhalation anesthetic 

(isoflurane) using an XGI-8 Gas Anesthesia Delivery System (PerkinElmer, USA). All 

images were taken in automatic mode and are presented in the same color scale. 

Bioluminescent signals were quantified using the Living Image 4.5.2 software (IVIS 

Imaging Systems) and were expressed as radiant efficiency (p/s/cm2/sr)/(μW/cm2). A 
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region-of-interest (ROI) was drawn in the lung area of each animal (the ROI area was 

maintained for all images) and compared over time and between treatment groups. 

5.3.6 In vitro PDT protocol 

For in vitro experiments, 50,000 cells of CT26.WT, B16F10 and 4T1 were seeded in 24-

well plates and left overnight in the incubator to attach.  For each cell line, three different 

concentrations of redaporfin were added according to the IC50 of redaporfin for each cell 

line (Table 9), to obtain about 40 to 60 % of cell viability. Stock solutions of redaporfin 

were prepared in DMSO and then diluted in DMEM. After 24 h cells were washed twice, 

and fresh medium was added to the cells. Illumination of the plates was performed 

immediately after wash, with the light dose of 0.3 J/cm2, required for the desired cell 

viability, using an irradiation device LEDbox® (BioLambda, Brazil) with 740 nm LED. 

6 h after irradiation, one of the conditions per cell line was selected according to 

morphology observation, and cells were collected to be analyzed by flow cytometry (0.20 

µM for CT26.WT, 0.05 µM for B16F10 and 0.02 µM for 4T1). 

Table 9. Redaporfin concentrations and light dose tested in the in vitro PDT protocols. 

Several redaporfin concentrations were tested in vitro with three different cell lines. The 

concentration in bold was the one that was selected to be further analyzed by flow cytometry. 

Cell Line CT26.WT B16F10 4T1 

Redaporfin 

concentration  

(µM) 

0.20 
0.40 
0.80 

0.05 
0.10 
0.20 

0.01 
0.02 
0.05 

Light Dose 

(J/cm2) 
0.3 0.3 0.3 

5.3.7 Flow cytometry 

The following anti-mouse monoclonal antibodies (mAb) were used for flow cytometry 

surface staining:  Brilliant Violet 650™ anti-mouse CD80 (BioLegend), APC anti-mouse 

CD152 (BioLegend) and Brilliant Violet 605™ anti-mouse CD274 (B7-H1, PD-L1) 

(BioLegend). Cells were stained with the Zombie Violet™ Fixable Viability Kit 

(BioLegend) at room temperature for 20 minutes, washed and resuspended in FACS 

buffer containing the antibodies for the surface staining, for 30 minutes at 4 oC. Cells 

were then washed twice, resuspended in FACS buffer, and analyzed by flow cytometry 
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using a Flow Cytometer NovoCyte® 3000 + NovoSampler® Pro (ACEA Bioscience). 

The gating strategy implemented is represented in Figure 17.  

5.3.8 Statistical Analysis 

The results are presented as the mean ± standard error of the mean (SEM). Survival 

analysis was performed by means of a Kaplan-Meier estimator and log-rank (Mantel-

Cox) test. Two-way ANOVA with Turkey´s post-test was used to determine statistically 

significant differences of the means between groups. Statistical differences were 

presented at probability levels of p < 0.05 *, p < 0.01 **, p < 0.001 *** and p < 0.0001 

****. 

 

Figure 17. Gating strategy used to evaluate changes in expression of immune molecules 

triggered by redaporfin-PDT. The cell population was selected from the SSC/FSC plot and 

followed by a gate for the singlet events. Then, death cells, which were positive for the zombie 

violet assay, were rejected and the mean fluorescence of the dye corresponding to each molecule 

(CD80, CTLA-4 and PD-L1) was registered and compared with the untreated and unstained 

samples. 
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 Results and Discussion  

5.4.1 Combinatorial approaches of redaporfin-PDT and immune 

checkpoint blockers  

Redaporfin-PDT was previously described to achieve a remarkable efficacy, in part 

because it triggers a strong immune response, which was further reported to be dependent 

on cytotoxic T cells17,127. The desire to increase the fraction of patients that benefit from 

immunotherapies and to increase the success of redaporfin-PDT in highly aggressive and 

metastatic cancers motivated the study of combinations between redaporfin-PDT and 

different immunotherapies.  

The most clinically relevant immunotherapies currently involve anti-PD1 and anti-

CTLA-4 monoclonal antibodies (mAb) and these were selected for combination with 

redaporfin-PDT. The tumor models selected to test these combinations were CT26.WT, 

B16F10 and 4T1-luc2. Redaporfin-PDT was extensively studied with the CT26.WT 

tumor model, which achieved a high cure rate and a strong antitumoral response. 

However, when treating larger tumors, the efficacy of PDT is reduced. Furthermore, our 

motivation was to evaluate the impact of these combinations on aggressive and 

immunosuppressive tumor models, such as the B16F10 and 4T1-luc2. These models 

represent a greater challenge for both therapeutic strategies alone. Additionally, these 

models spontaneously metastasize to distant regions and this is currently one of the major 

concerns in late-stage diseases. 

Redaporfin-PDT treatments of CT26.WT, B16F10 and 4T1-luc2 tumors are presented in 

Figure 18.  The protocols employed are deliberately below the optimal dosage to represent 

clinical cases of large and metastatic tumors, more difficult to treat with a single dose of 

redaporfin PDT, except for the case of 4T1. In this tumor model, we did not find 

conditions that could increase the medium survival time of the animals with treatment-

related lethality.  
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Figure 18. Survival of combinatory therapeutic strategies of redaporfin-PDT with 

immunotherapies. Kaplan Meier representing the survivals proportions of the protocols tested 

with the immunotherapies CTLA-4 and PD-1 with the (A) CT26.WT, (B) B16F10 and (C) 4T1-

luc2 tumor models. The protocol for antibodies administration is represented as a function of the 

PDT treatment day, and the PDT parameters are described for each model.  DD- drug dose; DLI- 

drug-to-light interval; LD- light dose; mAb- monoclonal antibodies; Tumor ∅- tumor diameter.  
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CT26.WT is a colon carcinoma cell line that is extensively used as model for testing 

immunotherapy protocols and study the host immune responses. CT26.WT is an highly 

immunogenic tumor which tends to show promising response rates when treated with 

several commercially available checkpoint inhibitors270. Redaporfin-PDT of CT26.WT 

tumors achieves 87 % cure rate with a vascular protocol (DLI=15 min), using 0.75 mg/kg 

of redaporfin and a light dose of 50 J/cm2 17. For the combination strategy, treatments 

were performed in conditions that PDT alone is not effective. This was achieved by using 

lower drug doses or treating larger tumors than those of the optimized redaporfin-PDT 

protocols. The lowering of the drug dose of 0.75 mg/kg to 0.6 mg/kg completely abolished 

the published cure rate. Nevertheless, PDT alone still improved the median survival time 

of animals compared to the PD-1 immunotherapy (Figure 18A). However, when 

combining both treatments, no statistical improvement in survival was observed 

(p=0.4487). We did observe the cure of one animal in the group of 7 subject to the 

combination therapy, but this was insufficient for statistical significance. The 

combination between PDT and CTLA-4 immunotherapy employed tumors with larger 

dimensions than the optimized PDT protocol. Neither of the two therapies alone changed 

the survival compared to the untreated mice with such large tumors. However, combining 

both ineffective treatments uncovered a substantial improve of the therapy outcome 

(p=0.003). We achieved a 43 % survival with this combination strategy.  

This promising outcome encouraged the use of such combination strategy to treat other 

tumor models, recognized for being much more aggressive and challenging to treat. 

B16F10 is a murine melanoma cell line from a C57BL/6J mouse and is described as 

highly metastatic that spontaneously form metastases post implantation into mice271. 

B16F10 tumors are one of the most used cell lines for research in cancer, specifically to 

analyze metastasis and immunotherapy treatments. Similarly, 4T1 cells is a mammary 

gland carcinoma cell line, highly aggressive and immunosuppressive. This tumor model 

is reported to have metastatic spread in mice and mimics the stage IV human breast 

cancer265.  

In the previous chapter, it was extensively reported the challenges faced to optimize PDT 

parameters for these tumor models. PDT protocols implemented in this study had a visible 

impact on the tumor, in terms of necrosis and edema, but did not showed a complete 

curative effect. 
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Figure 18 shows that the combination of redaporfin-PDT with the different 

immunotherapies for the treatment of B16F10 and 4T1 tumor models did not extend the 

survival of the animals. The kinetics of tumor growth were also followed to evaluate the 

impact of the treatment in more detail and is represented Figure 19. In agreement with the 

survival results, the CT26.WT model shows noticeable changes in tumor kinetics when 

the combinatory approach of PDT with CTLA-4 immunotherapy is employed. The 

combination with PD-1 immunotherapy was only successful with one animal. It must be 

recognized that the two combinations are not entirely comparable because the 

combination with PD-1 employed 0.6 mg/kg and that with CTLA-4 employed 0.75 mg/kg 

of redaporfin. The latter case produced a stronger impact on the tumor, although it was 

not curative because the tumor is larger. Nevertheless, we cannot exclude that a stronger 

PDT impact may stimulate a better combination with immunotherapy. 

Regarding the melanoma model, we can see that the immunotherapies alone cause a 

decrease in the tumor growth.  PDT alone has a visible impact in melanoma tumor growth 

but the combination with the immunotherapies does not significantly improves the 

therapeutic response. There is an increase in the median survival time with PD-1, but it is 

not statistically significant (from 13.5 with PDT alone to 17.5 with PDT + αPD1).  

Unfortunately, no differences were observed in the kinetic of tumor growth of 4T1 model 

in treated and untreated animals. 4T1 tumors were orthotopically inoculated in the 

mammary gland, and this fact limits the dose of PDT because vital organs can be affected 

by stray light. This location also challenges the measurement of tumor dimensions, as 

tumors tend to growth internally. These challenges may affect the accuracy of tumor 

volumes.  

 

 

 

 

 

 



Combinatorial approaches of redaporfin-PDT and Immunotherapy 

117 

-5 5 10 15 20 25 30

0

100

200

300

400

500

600

CTR

PDT

PDT + CTLA-4

CTLA-4

P
D

T
+

 m
A

b

Days post-PDT

T
u

m
o

r 
v

o
lu

m
e

 (
m

m
3
)

m
A

b

m
A

b

m
A

b

-5 5 10 15 20 25 30

0

100

200

300

400

500

PDT + PD-1

Days post-PDT

T
u

m
o

r 
v

o
lu

m
e

 (
m

m
3
)

P
D

T
 

m
A

b

m
A

b

m
A

b

CTR

PDT

PD-1

CT26.WT
CTLA-4 PD-1

A

 

-5 5 10 15 20 25 30

0

500

1000

1500

2000

2500

CTLA-4

Days post-PDT

T
u

m
o

r 
V

o
lu

m
e
 (

m
m

3
)

CTR
CTLA-4

PDT

PDT + CTLA-4

P
D

T
 +

 m
A

b

m
A

b

m
A

b

m
A

b -5 5 10 15 20 25 30

0

500

1000

1500

2000

2500

PD-1

Days post-PDT

T
u

m
o

r 
V

o
lu

m
e
 (

m
m

3
)

CTR
PD-1

PDT

PDT + PD-1

m
A

b

P
D

T
 +

 m
A

b

m
A

b

m
A

b

B16F10B

 

-5 5

1
0

1
5

2
0

2
5

3
0

0

25

50

250

500

750

1000

1250

Days post-PDT

T
u

m
o

r 
V

o
lu

m
e
 (

m
m

3
)

PDT

PDT + CTLA-4

P
D

T
+

 m
A

b

m
A

b

m
A

b

m
A

b

L
u

z
1

1

CTLA-4
CTR

-5 5

1
0

1
5

2
0

2
5

3
0

0

25

50

250

500

750

1000

1250

Days post-PDT

T
u

m
o

r 
V

o
lu

m
e
 (

m
m

3
)

PDT

CTR
PD-1

PDT + PD-1

P
D

T
+

 m
A

b

m
A

b

m
A

b

m
A

b

L
u

z
1

1

4T1-luc2
CTLA-4 PD-1

C

 

Figure 19. Tumor volume curves of combinatory approaches of PDT with immunotherapies 

in three different tumor models. Tumor volumes are represented individually for each animal 

with the colors corresponding to the treatment group. Schedule of administrations of 

immunotherapy antibodies are designated in the X-axis, as well as the PDT treatment day, which 

was established as the day 0 of the experiment.  
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The expression of luciferase by 4T1 cell line allowed the quantification of tumor and 

metastasis signals using chemiluminescence imaging. Bioluminescence images are 

represented in Figure 20 and the radiance was further quantified at several timepoints 

after the treatment (Figure 21). For accurate comparison, all the images are represented 

at the same color scale. As the treatments did not allowed the elimination of the primary 

tumor, and to avoid luminescence contamination from this, during metastasis 

luminescence acquisitions the primary tumor was covered with a black opaque material. 

Nevertheless, due to the high level of luminescence of the primary tumor and the low 

luminescence generated by small metastasis, in some cases background signal was still 

detected and is represented by the dark grey color. 

Significant differences in the luminescence from the lung region started to be observed 

12 days after PDT treatment. Untreated animals revealed an apparent exponential increase 

of the luminescence and several metastases were “visually” detected from the 17th day 

forward. Surprisingly, PD-1 immunotherapy group followed the same kinetics of the 

untreated mice, and some animals even developed higher levels of metastases compared 

to untreated. PDT combination with PD-1 immunotherapy slowed these kinetic but no 

differences were observed between PDT alone and the combination. On the other hand, 

CTLA-4 immunotherapy significantly delayed the development of distant cancer lesions, 

both confirmed by metastasis detection, showed in Figure 20, and by the quantification 

represented in Figure 21. However, the combination of CTLA-4 immunotherapy with 

PDT, did not revealed a significant reduction of the metastasis development suggesting 

that PDT did not contribute to improve the effect of the immunotherapy.  

Earlier work with redaporfin-PDT and B16F10 melanoma-bearing C57BL/6J mice 

revealed that a 1.5 mg/kg with 105 J/cm2 of light delivered 15 min post i.v. administration 

was lethal to 80 % of the animals and the animals that survived the treatment were cured85. 

Cures without lethality could only be obtained when the drug formulation was changed 

from Kolliphor EL to Pluronic P123. In this study we maintained the kolliphor 

formulation that is currently in clinical use241, although the pluronic formulation has the 

advantage of higher tumor/muscle ratios. We employed a redaporfin dose in the kolliphor 

formulation of 1 mg/kg and a light dose of 75 J/cm2 to avoid lethality. However, this 

dosage regimen only leads to a 10 % cure rate, as shown in Figure 18B.  
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Figure 20. Bioluminescence imaging of 4T1-luc2 metastases 4, 17 and 23 days post-PDT 

treatment. D-luciferin was i.p. administered 7 minutes prior acquisition. For metastasis 

assessment the primary tumor was covered with an opaque material, however in some acquisitions 

it was still detected a background luminescent signal which was originated from the primary 

tumor. 
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The extensive steps for the optimization of redaporfin-PDT treatment in the 4T1 model 

are reported in the previous chapter. Apart from the described difficulty to treat 4T1 

tumors, the orthotopic localization of this model turns it even more challenging to treat. 

However, orthotopic 4T1 tumor models represent with higher accuracy the human breast 

cancer. Vascular protocols of redaporfin-PDT either revealed to be lethal due to necrosis 

in adjacent healthy tissues or to have no visible impact on the tumors. Further studies with 

photoacoustic tomography showed that the presence of redaporfin inside 4T1 tumors is 

minimal when compared to other tumor types and is higher for longer DLIs (48h-72h). 

The balance between efficacy and safety led us to consider a cellular protocol, with 1.8 

mg/kg of redaporfin administered 72 h before illumination with a light dose of 100 J/cm2. 

Even with this alteration, no significant impact was observed in the survival of animals 

as represented on Figure 18 and Figure 19. 
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Figure 21. Assessment of lung metastases development. Luminescence from the thorax region 

of animals were quantified by imagiology and followed over time as an indicator of metastases 

development. Average radiance of each group condition is represented according to the legend.  

5.4.2 Redaporfin-PDT alters the expression of immune molecules 

by tumor cells 

PDT is described to induce several changes in the microenvironment of tumors which can 

induce the upregulation of several proteins25,95,272. We, and others273, hypothesize that 

such changes may alter immune checkpoint activity. The release of DAMPs and tumor 
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antigens can contribute to trigger an innate immune response, turning PDT into a 

promising adjuvant for immunotherapies. In view of the results with combinatory 

approaches, we embarked in an in vitro investigation of the expression of molecules 

involved in the immune checkpoint mechanisms at the surface of tumor cells after PDT. 

More specifically, we assessed the expression of CD80, CTLA-4 and PD-L1. 

PD-1 and CTLA-4 are co-inhibitory receptors expressed on the surface of activated T and 

B cells. They restrict T cell activity and are referred as immune checkpoints. Antibodies 

that block CTLA-4 or PD-1, or the PD-1 ligand PD-L1, give durable responses for a 

fraction of cancer patients. Such antibodies are named immune checkpoint blockers 

(ICBs).  

CTLA-4 is structurally identic to CD28 and both are involved in the regulation of antigen 

recognition by T cells through the interaction with CD80/CD86. While CD28 transmits a 

positive costimulation crucial to T cell activation, CTLA-4 inhibits the T cell activation. 

Apart from the downregulation of T cell activation , CTLA-4 also presents a 100 to 1000-

fold higher affinity for CD80  when competing with CD28, which prevents CD28-CD80 

binding in the presence of CTLA-4274. Even though CTLA-4 expression is commonly 

reported in the lymphoid cell lineage, several publications have reported the constitutively 

expression on tumor cells and suggested that its role/mechanism there may be different275–

277.  

CD80, also known as B7-1, is a costimulatory ligand that has the ability to augment T 

cell responses through interactions with CD28 expressed on T cells. CD28 is one of the 

proteins that provide costimulatory signals required for T cell activation and survival. 

CD80/CD28 interaction augments T cell activation by reducing the number of T cell 

receptors (TCRs) that must be triggered for T cell activation and also enhances the 

production of IL-2. CD80 is not considered an immune checkpoint molecule, but as 

CTLA-4 presents a much higher affinity to bind CD80 than CD28, the low expression of 

CD80 is one of the many mechanisms that tumor cells use to evade antitumor immunity. 

Interaction between CTLA-4 and CD80 inhibits T cell responses.  
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Figure 22. Expression of different immune checkpoint molecules on tumor cells treated with 

redaporfin-PDT.  The expression of (A) CD80, (B) CTLA-4 and (C) PD-L1 molecules on three 

different cell lines were evaluated by flow cytometry and compared to the untreated condition 

(light only) and to unstained cells.  p-values < 0.05 were considered significant with (*), p-values 

< 0.01 (**), p-values < 0.001 (***), p-values < 0.0001 (****).  
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As different cell lines have different IC50 values for redaporfin-PDT, cells were treated 

with different concentrations of the PS to induce approximately the same percentage of 

cell death (Table 9). Cells were collected 6 h after the illumination, marked with 

antibodies for CD80, CTLA4-4 and PD-L1, and analyzed by flow cytometry. The gating 

strategy applied, Figure 17, started with a selection of the cell population from the 

SSC/FSC plot and followed by a gate for the singlet events. Next, the dead cells, which 

were positive for the zombie violet assay, were rejected and the mean fluorescence of the 

dye corresponding to each immune molecule was registered and compared with the 

untreated and unstained samples.  

Figure 22A demonstrates low or insignificant expression of CD80 on the untreated 

conditions in all cell lines, which goes in agreement with the reported in literature278. Our 

results show that redaporfin-PDT significantly increases the in vitro expression of CD80 

in CT26.WT, B16F10 and 4T1 cells. The higher levels of CD80 are observed in 

CT26.WT cells post-PDT. This increase in CD80 foster interactions with CD28 and 

should augment T cell responses. These results are consistent with the stimulation of the 

immune systems presented in other redaporfin-PDT studies17,127. 

PD-1/PD-L1 expression has been evaluated and discussed over the last years and it is not 

completely understood if there is a direct correlation between expression and treatment 

prognosis. Despite its association with a poor diagnosis, in the clinical PD-L1 expression 

emerges as a positive prognostic biomarker for example in breast cancer279. It was 

suggested that the survival can be due to the presence of a strong antitumor immune 

response which triggers PD-L1 expression. The variable expression measures and the 

non-correlations between expression patterns and treatment effect have been similarly 

reported in the clinics, which led authors to suggest that evaluation of PD-L1 expression 

on immune and tumor cells for clinical decision-making may not represent a reliable 

predictive biomarker for approvals of immune checkpoint blockers280,281. As an example, 

Kim et al. reported that high PD-L1 expression on tumor infiltrating immune cells (TICs), 

but not on tumor cells (TCs), was an independent favorable prognostic factor for survival 

of resected head and neck squamous cell cancer282.  

PD-L1 is expressed on a wide variety of cell types and can be induced by several 

inflammatory cytokines.  Intratumoral upregulation of PD-L1 was previously described 

to occur after PDT and was suggested to be associated with IL-6 production273.  
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Anti-PD-1 mAbs are expected to have a greater impact in cancer cells that intrinsically 

have a higher expression of PD-L1 because anti-PD-1 mAbs will readily block a 

significant number of ligands and prevent extensive PD-1/PD-L1 interactions. Figure 22C 

shows that PD-L1 is more expressed in CT26.WT and in B16F10 cells than in 4T1 cells. 

Figure 18 shows some effect of anti-PD-1 in CT26.WT and B16F10 cell and no effect in 

4T1-luc2. At the doses employed in this work, the delay of tumor growth with anti-PD-1 

is not statistically significant, but higher doses could increase the trend and render a tumor 

growth delay statistically significant. This study did not intend to optimize the effect of 

any therapy alone, and anti-PD-1 immunotherapy was not further optimized.  

The interaction between PD-L1 and CD80 occurs exclusively between PD-L1 and CD80 

molecules expressed in the same cell, i.e., cis PD-L1/CD80. This cis PD-L1/CD80 

disrupts PD-1/PD-L1 interaction between two separate cells, i.e., trans PD-1/PD-L1, and 

prevents binding of CTLA-4 to CD80. However, cis PD-L1/CD80 does not disrupt 

binding between CD80 and CD28, and therefore does not prevent its costimulatory 

effect283,284. 

Figure 22C shows that redaporfin-PDT increases the expression of PD-L1. This favors 

cis PD-L1/CD80 interactions, which will disrupt trans PD-1/PD-L1 interactions and will 

not prevent the CD80/CD28 costimulatory effect leading to T cell activation. Moreover, 

in CT26.WT cells, CTLA-4 binding to CD80 is reduced both because cis PD-L1/CD80 

prevents binding of CTLA-4 to CD80 and because the expression of CTLA-4 is not 

increased post-PDT. The higher availability of CD80 after redaporfin-PDT should 

favorably combine with anti-PD-1 mAbs to increase the median survival time. This trend 

is visible in Figure 18. 

Redaporfin-PDT has a relatively small effect on the expression of PD-L1 in 4T1 cells. 

The very modest increase in the expression of PD-L1 is not expected to contribute 

appreciably to cis PD-L1/CD80 interactions. Hence, trans PD-1/PD-L1 interactions are 

not appreciably perturbed and the combination of redaporfin-PDT with anti-PD-1 mAbs 

may not have a significant impact in tumor responses. 

Redaporfin-PDT significantly increases the expression of CTLA-4 and of PD-L1 in 

B16F10 cells. Competition between CTLA-4 binding to CD80 and cis PD-L1/CD80 is 

expected. Anti-CTLA-4 ICBs may shift the competition to favor cis PD-L1/CD80, and 

eventually disrupt trans PD-1/PD-L1 interactions but meet with the challenge that more 
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CTLA-4 must be blocked. Anti-PD-1 ICBs join with cis PD-L1/CD80 interactions to 

disrupt trans PD-1/PD-L1 interactions and a favorable combination may occur. 

Although the role of CTLA-4 in tumor cells is not known yet, we see that the increase in 

CTLA-4 expression post-PDT in B16F10 and 4T1 cells is associated with combinations 

with redaporfin-PDT that have no impact in tumor growth. We believe that the increase 

in CTLA-4 in tumor cells will compete CTLA-4 in lymphocytes for anti-CTLA-4 mAbs. 

These mAbs will be less available to block trans CTLA-4/CD80 interactions and the 

benefits of immunotherapy are attenuated. 

According to Figure 22B, changes in the CTLA-4 expression were much less significant 

compared to the other evaluated molecules. Both CT26.WT and B16F10 appear to have 

mild expression of CTLA-4 on untreated tumor cells, but then rises of its expression were 

only significant for 4T1 and B16F10 cells. Nevertheless, levels of surface expressed 

CTLA-4 are extremely well regulated by the cell, and minor changes in surface 

expression can have major effects on T-cell activations285. It was also reported that most 

of the CTLA-4 is localized in vesicles of the Golgi apparatus, being then released to cell 

surface during T cell activation. But even following T-cell activation, only small amounts 

of CTLA-4 seem to be detected on the cell surface at a given time. 

Interestingly, anti-CTLA-4 mAbs combine with redaporfin-PDT to significantly increase 

survival. Similarly, addition of CTLA-4 blockade prior to Bremachlorin-PDT led to a 

significant reduction of tumor burden227. This can be related with the effect of cis PD-

L1/CD80 in preventing binding of CTLA-4 to CD80. The combined increase in CD80 

and PD-L1 post-PDT in CT26.WT cells allows for abundant cis PD-L1/CD80 interactions 

that prevent trans CTLA-4/CD80 interactions that are known to restrict T cell activity. 

This combined increase is more pronounced in CT26.WT cells and less pronounced in 

4T1 cells. Hence, we can expect that the combination of redaporfin-PDT with anti-CTLA-

4 will be most successful in CT26.WT cells and least successful in 4T1 cells. Figure 18 

confirms this prediction. 
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 Conclusion 

The reported studies led to the creation of a combinatory approach which triggered a 

significant improvement of treatment efficacy and consequent survival of the animals 

with colon carcinoma tumors in conditions where both treatments alone are ineffective. 

However, the same results were not possible to achieve with more invasive and aggressive 

tumor models, such as B16F10 and 4T1 tumor models. The tumor microenvironment 

associated with these tumor models, which are usually described as immunosuppressive 

tumors, seems to be the probable cause for the ineffectiveness of the treatments. These 

results reinforce the concept that each tumor model should be considered and evaluated 

individually, leading to specific therapeutic strategies to achieve the best outcome in each 

case. Even though PDT was not effective in the implemented models, significant changes 

were observed in the expression of specific immune molecules. These findings open new 

opportunities to evaluate how these changes could be used as methodologies for the 

design of new combinatory therapeutic strategies.  
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6 GENERAL 

CONCLUSIONS AND FINAL 

REMARKS 

Photodynamic therapy (PDT) with redaporfin leads to a remarkable long-term survival 

rates, effective memory, and control of lung metastasis in a colon carcinoma model of 

BALB/c mice86. The main motivation behind this project was the characterization of the 

antitumoral immune response triggered by redaporfin-PDT. Besides this, we propose to 

evaluate its combination with other therapies to treat other tumor models that represent a 

challenge to the treatments alone.  

We demonstrated that redaporfin-vascular PDT induces extensive tissue damage at the 

illuminated tumor, which triggers an acute local inflammation69. This inflammation is 

characterized by a systemic increase of IL-6 and neutrophils attaining a peak 24 h post-

PDT. We also showed an increased percentage of CD4+ and CD8+ T cells producing IFN-

γ or CD69+ and increased CD4+/CD8+ T cell ratio. Altogether these findings demonstrate 

that redaporfin-PDT stimulates a strong and rapid response from the immune system. At 

the tumor bed level, 2 h after PDT CD3+ T cells are depleted but later, at 24 h post-PDT, 

a notorious new infiltration of CD3+ T cells is attained. These findings showed that 

redaporfin-PDT achieved a successful transition from innate to adaptive antitumor 

immunity. We further showed that the therapeutic effect of redaporfin-PDT is dependent 

on neutrophils and CD8+ T cells but not on CD4+ T cells. Redaporfin-PDT can stimulate 

CD8+ T cells even in the absence of CD4+ T cells, similarly to photofrin-PDT.  

Regarding this, we hypothesize that the combination of redaporfin-PDT with an immune 

therapy may potentiate the efficacy of both therapies. Furthermore, immunotherapies 

seem to be limited by the absence of T cell-based inflammation262. Arguably, major 

benefits might be achieved with immunostimulating approaches that induce appropriate 

tissue-based inflammation. The ambition of this combination is to increase the fraction of 
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patients that benefit from the immunotherapies and increase the success of redaporfin-

PDT in highly aggressive and metastatic tumors. Subsequently, the choice of the tested 

tumor models for this combination took in consideration the ability of redaporfin-PDT to 

trigger an immunogenic cell death (ICD) which may enhance the immunogenicity of 

tumor cells.  

During this work, we proceeded to an optimization process for the treatment with 

redaporfin-PDT in two different immunosuppressive cancer models: melanoma 

(B16F10) and breast carcinoma (4T1-luc2) tumor models. For each model, the conditions 

of drug dose and light dose, dug-to-light interval, area of the illuminated region and 

fluence were verified to achieve the best impact on the tumor whilst avoiding effects on 

healthy tissues.  

The optimization results revealed that the same doses used to achieve a high cure rate in 

CT26.WT model were completely ineffective in the described models. A strong edema 

which then ended up in a significant necrosis was achieved on B16F10 tumor model with 

a redaporfin dose of 1 mg/kg and a light dose of 75 J/cm2. This protocol increased the 

median survival time of mice and lead to a percentage of cures of almost 30 %. The 

mammary carcinoma model revealed to be much more challenging to treat and despite 

the extensive trials to obtain a suitable protocol, no cures were achieved. Nevertheless, a 

significant impact, with visible edema and necrosis, was attained with 1.8 mg/kg of 

redaporfin and 100 J/cm2. Further studies by photoacoustic tomography allowed to 

elucidate that the ineffectiveness of redaporfin-PDT on 4T1 tumor is due to the low 

content of redaporfin that manages to accumulate in the tumor.  

It is suggested that the impact created by PDT on tumors may turn them more responsive 

for other therapies, such as immunotherapies. Considering this, different combination 

strategies were studied here. 

The combinations strategies used included treatment conditions where both treatments 

alone were ineffective.  The conditions applied led to a combinatory approach which 

triggered a significant improvement of treatment efficacy and consequent survival of the 

animals with colon carcinoma tumors. However, the same goals were not possible to 

attain with more invasive and aggressive tumor models, such as B16F10 and 4T1 tumor 

models.  
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The tumor microenvironments of low immunogenic cancer models are described by the 

presence of a high percentage of anergic immune cells that overexpress inhibitory 

proteins, such as immune checkpoints. Even though PDT alone was not effective in the 

implemented models, significant changes after PDT treatment were observed in the 

expression of specific immune molecules, such as CD80, CTLA-4 and PD-L1.  

The combined increase in CD80 and PD-L1 post-PDT in CT26.WT cells allows for 

abundant cis PD-L1/CD80 interactions that prevent trans CTLA-4/CD80 interactions that 

are known to restrict T cell activity. We propose that efficacy of the combination of anti-

CTLA-4 with redaporfin-PDT results from the combined increased of CD80 and PD-L1, 

which is more pronounced in CT26.WT cells. 

These findings open new opportunities to evaluate how these changes could be used to 

design new combinatory therapeutic strategies. Even though, it is necessary to perform 

additional studies to characterize the changes triggered on tumor cell infiltrates and 

circulatory immune cells after PDT treatment. This will bring more elucidations on the 

mechanisms behind redaporfin-PDT. 
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7 APPENDIX 

i. Redaporfin in vivo formulation 

Formulation for in vivo studies was prepared by dissolving redaporfin powder in 

ethanol:Kolliphor®EL (5:1). Complete solubilization was achieved by 3 cycles of 10 

minutes in ultrasound bath followed by 1 minute of vortex mixing, After that, the stock 

in ethanol: Kolliphor®EL was added to a saline solution (0.9 % NaCl), achieving a final 

ratio of saline:ethanol:Kolliphor®EL of 98.8:1:0.2. Redaporfin is soluble in the 

ethanol:Kolliphor®EL solution and immediately form micelles when added to the saline 

solution. Micelles size was further evaluated by light scattering measurements, Figure 23 

(Zetasizer NanoS, Malvern). The concentration of redaporfin was always confirmed by 

the absorption spectra of the photosensitizer, represented in Figure 24, and following the 

Beer-Lambert law. The molar absorption coefficient of redaporfin in this formulation is 

ε = 121.700 M–1cm–1 at 749 nm16. The appropriate dose of redaporfin was slowly 

delivered by intravenous administration in the mice tail vein, in a volume correspondent 

to 10 μL/g of mouse body weight. The formulation was selected based on previous studies 

that evaluated the stability of redaporfin and tolerance in the organism18.  

 

ii. Light Delivery Laser 

PDT in vivo treatments employed a laser Omicron diode laser system (Rodgau, 

Germany), model LDM750.300.CWA.L.M with laser head 1201-07-D and 1201-08-D, 

maximum output power of 300 mW and wavelength of 749 nm ± 3 nm, connected to a 

glass optical fiber with microlens tip from Medlight (Ecublens, Switzerland), model FD 

with 2 mm of diameter and 4 m of overall length, which was held in a fixed position and 

directed perpendicularly, unless stated otherwise, to the tumor to produce an illumination 

circle concentric with the tumor. The energy of the laser was always checked before 

illumination with a handheld laser power meter LaserCheck (Coherent Inc, Santa Clara, 
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CA, USA). The position of the fiber was fixed previously to the treatment to obtain an 

illumination circle concentric with the tumor and with a set diameter. 

 

Figure 23. DLS intensity-based size distribution histograms. Size distribution of redaporfin 

formulation micelles measured by light scattering technique (average size = 122 ± 48.44 nm) 

 

Figure 24. Absorption spectra of redaporfin in in vivo formulation. Formulation for in vivo 

intravenous administration was prepared by dissolving redaporfin powder in 

ethanol:Kolliphor®EL (5:1) and then diluted in saline 0.9 % achieving a final ratio of 

saline:ethanol:Kolliphor®EL of 98.8:1:0.2. 
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iii. List of Figures 

Figure 1. Jablonski energy diagram illustrating the main events of PDT mechanism, 

leading to the generation of reactive oxygen species (ROS). The photosensitizer 

molecule (PS) is excited from ground state to excited singlet states (S1, S2, …) by the 

absorption of light at a specific wavelength. The excited molecule (PS*) can either decay 

to the ground state by radiative (fluorescence and/or phosphorescence) or nonradiative 

processes (internal conversion and/or intersystem crossing to the triplet state). The PS 

triplet excited state (T1) can further trigger the local production of cytotoxic ROS, such 

as singlet oxygen (1O2), superoxide radical anion (O2
•-), hydrogen peroxide (H2O2) and 

hydroxyl radical (HO•).................................................................................................... 22 

Figure 2. Phototherapeutic window for PDT. Endogenous chromophores, such as 

hemoglobin and melanin have absorption until the 650 nm, while water absorbs from the 

900 nm. Over 850 nm, light does not present enough energy to excite the molecular 

oxygen and generate ROS. These facts lead to the definition of the phototherapeutic 

window, from 650 to 850 nm, which is also corroborated by the optical penetration depth 

of light into skin. Adapted from19. .................................................................................. 24 

Figure 3. Antitumor immune mechanism triggered by Photodynamic Therapy. The 

cytotoxic effect of PDT induces a local inflammation, with recruitment of innate immune 

cells to the illuminated area. Innate immune cells, such as DCs, phagocytize tumor 

antigens and DAMPS released by damaged tumor cells and present them to T cells in the 

lymph nodes. This stimulation activates the adaptive arm of the immune system, 

generating the proliferation of effector T cells capable of recognize and destroy the 

remaining tumor cells. .................................................................................................... 31 

Figure 4. Innate immune response mechanism triggered by Photodynamic Therapy. 

Shortly after the light activation, the release of DAMPs, cytokines and other components 

lead to the development of a strong inflammation with infiltration of innate immune cells, 

such as macrophages, neutrophils, dendritic cells (DCs) and NK cells. The recognition of 

the tumor antigens by APCs and further presentation to T cells in the lymph nodes 

activated the adaptive immune response. ....................................................................... 34 

Figure 5. Immune checkpoint mechanisms and respective blockade therapy. T cell 

activity can be impaired by immune checkpoint protein to maintain the immune 

homeostasis of the organism. However, these mechanisms are exploited by tumor cells to 

evade antitumor immune responses. Binding of CTLA-4 to CD80/CD86 prevents the 
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costimulation of CD28, crucial for effective T cell activation. In a similar manner, binding 

of PD-L1 to PD-1 generates a negative stimulation, causing T cell anergy. Blockade of 

these proteins with specific monoclonal antibodies represents a therapeutic strategy to 

increase the effector function of the immune system. .................................................... 61 

Figure 6. Redaporfin-PDT induces a strong neutrophilia, which contributes 

significantly for the treatment efficacy. A) Relative percentage of blood leukocyte 

evaluated by flow cytometry at different time points after redaporfin-PDT. B) Relative 

percentage of neutrophils (CD45+, GR1+ and CD11b+) evaluated by flow cytometry 24 h 

and 7 days after redaporfin-PDT. Bars are the mean ± SD of 6 mice. No symbol p > 0.05; 

* p < 0.05; ** p < 0.01; *** p < 0.001. C) Survival curve of mice bearing CT26.WT 

tumors treated with redaporfin-PDT in normal conditions or upon neutrophils depletion 

using Ly6G/Ly6C monoclonal antibodies. D) Tumor growth represented individually for 

each mouse (6-11 mice per group). Survival curve statistics by LogRank (Mantel-Cox) 

test. No symbol p > 0.05; * p < 0.05. ............................................................................. 78 

Figure 7. Redaporfin-PDT increases the blood levels of the pro-inflammatory 

cytokine IL-6. The quantification of different cytokines (A - IFN-γ, B - TNF-α, C - IL-

2, D - IL-10, E - IL-4, F - IL-6, G - IL-17A) was performed in the blood at different time 

points after vascular-PDT. I) Representative dot plots that depict the different cytokines 

in untreated and treated mice. Bars are the mean ± SD of 5 mice. No symbol p > 0.05; * 

p < 0.05; ** p < 0.01; *** p < 0.001. ............................................................................. 79 

Figure 8. Activated T cells after vascular-PDT with redaporfin. A) Percentage of 

CD4+ and CD8+ T cells and B) ratio of CD4+/CD8+ T cells in the blood of mice at different 

time points after vascular-PDT.  C) Percentage of CD8+ or D) CD4+ T cells expressing 

CD69 in the blood of mice at different time points after PDT. Bars are the mean ± SD of 

5 mice. No symbol p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001. ........................... 81 

Figure 9. Redaporfin-PDT stimulates the production of IFN-γ and IL-17A by 

different immune cells. Production by T cells CD4+ (•) or CD8+ (▪) of A) IFN-γ, B) IL-

4, D) TNF-α and E, F) IL-17A at different time points after redaporfin-PDT. C) IFN-

γ/IL-4 ratio, which was obtained by dividing IFN-γ-secreting CD4+ T cells by the IL-4-

producing CD4+ T cells. G) IFN-γ production by DC and H) by NK. Bars are the mean 

± SD of 5 mice. No symbol p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001. .............. 82 

Figure 10. Tumor eradication by redaporfin-PDT is dependent on CD8+ T cells but 

not on CD4+ T cells. A) Survival curve of mice bearing CT26.WT tumors treated with 

redaporfin-PDT in normal conditions or upon depletion of CD4+ or CD8+ T cells. B) 
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Tumor growth represented individually for each mouse (9-12 mice per group). Survival 

curve statistics by LogRank (Mantel-Cox) test. No symbol p > 0.05; * p<0.05. ........... 83 

Figure 11. Redaporfin-PDT induces strong hemorrhage and necrosis that is 

accompanied by T cells infiltration but not by B cells infiltration (10x magnification). 

A) Tumors from control and treated mice (at the indicated time points) were stained with 

H&E, H indicates hemorrhagic areas and N indicates necrotic areas. B) T cells (CD3+) 

(brown) infiltration. C) Absence of B cells (Pax5) infiltration. ..................................... 85 

Figure 12. In vivo neutrophil depletion was confirmed by flow cytometry. Neutrophils 

depletion was attained with i.p. administrations of anti-mouse Ly6G/Ly6C monoclonal 

antibodies (NIMP-R14, BioXCell). Blood samples were collected by tail vein puncture 

24 h after the first administration and neutropenia was confirmed by flow cytometry. A, 

B) Representative histograms that show the neutrophils level (Gr1+ cells) of a control and 

a neutrophil depleted animal, respectively. .................................................................... 88 

Figure 13. In vivo CD4+ and CD8+ T cell neutralization was confirmed by flow 

cytometry. Neutralization of CD4+, CD8+ were achieved with regular i.p. administration 

of anti-mouse CD4 (GK1.5, BioXCell) and CD8 (53-6.7, BioXCell) monoclonal 

antibodies, respectively. Specific depletion was confirmed by flow cytometry of blood 

samples collected 24 h after the first administration. A, B) Representative dot plots that 

show the effective depletion of CD4+ T and CD8+ T cells populations, respectively. ... 88 

Figure 14. Redaporfin-PDT treatment optimization of B16F10 animal model. 

C57BL/6 mice bearing s.c. B16F10 tumors were treated with different drug and light 

doses in a vascular protocol of redaporfin-PDT (DLI=15 min). (A) Survival plot of the 

tested PDT protocols. p value of log-rank test of: Untreated vs 1mg/kg+75J/cm2: 0.0100; 

Untreated vs 0.88mg/kg+50J/cm2: 0.0224. (B) Individual tumor growth representation of 

mice. (C) Images of tumors before and after PDT illumination. 6h after illumination a 

strong edema is observed which then turns into necrosis at 24-72 h after illumination. 96 

Figure 15. Redaporfin tumor accumulation followed by photoacoustic (PA) 

tomography. A) Transversal irradiation of 4T1-luc2 tumors. B) Violin plot 

representation of redaporfin tumor content. Accumulation of the photosensitizer was 

assessed after i.v. injection of the formulated redaporfin with a drug dose of 1.65±0.15 

mg/kg at several timepoints. Before PS injection, an initial acquisition was performed 

which is referred as the blank and the following acquisitions were normalized with the 

blank. Photoacoustic tomography was used to assess the content of redaporfin inside 

tumors using the unmixing feature of VevoLab and considering as components 
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redaporfin, oxy- and deoxy-hemoglobin. C) B-mode and photoacoustic unmixed images 

of CT26.WT and 4T1-luc2 tumors prior redaporfin injection and at the highest PA 

average timepoints after i.v. injection. Color legend: red - oxyhemoglobin; blue - 

deoxyhemoglobin; green - redaporfin. ......................................................................... 103 

Figure 16. Normalized photoacoustic spectra of redaporfin, oxy- and deoxy-

hemoglobin. Redaporfin was prepared in in vivo formulation and PA spectra was 

acquired in a phantom apparatus with the Vevo LAZR-X multimodal imaging system. 

Oxy- and deoxy-hemoglobin are already part of the Vevo LAZR-X analysis software.

 ...................................................................................................................................... 105 

Figure 17. Gating strategy used to evaluate changes in expression of immune 

molecules triggered by redaporfin-PDT. The cell population was selected from the 

SSC/FSC plot and followed by a gate for the singlet events. Then, death cells, which were 

positive for the zombie violet assay, were rejected and the mean fluorescence of the dye 

corresponding to each molecule (CD80, CTLA-4 and PD-L1) was registered and 

compared with the untreated and unstained samples. ................................................... 112 

Figure 18. Survival of combinatory therapeutic strategies of redaporfin-PDT with 

immunotherapies. Kaplan Meier representing the survivals proportions of the protocols 

tested with the immunotherapies CTLA-4 and PD-1 with the (A) CT26.WT, (B) B16F10 

and (C) 4T1-luc2 tumor models. The protocol for antibodies administration is represented 

as a function of the PDT treatment day, and the PDT parameters are described for each 

model.  DD- drug dose; DLI- drug-to-light interval; LD- light dose; mAb- monoclonal 

antibodies; Tumor ∅- tumor diameter. ......................................................................... 114 

Figure 19. Tumor volume curves of combinatory approaches of PDT with 

immunotherapies in three different tumor models. Tumor volumes are represented 

individually for each animal with the colors corresponding to the treatment group. 

Schedule of administrations of immunotherapy antibodies are designated in the X-axis, 

as well as the PDT treatment day, which was established as the day 0 of the experiment.

 ...................................................................................................................................... 117 

Figure 20. Bioluminescence imaging of 4T1-luc2 metastases 4, 17 and 23 days post-

PDT treatment. D-luciferin was i.p. administered 7 minutes prior acquisition. For 

metastasis assessment the primary tumor was covered with an opaque material, however 

in some acquisitions it was still detected a background luminescent signal which was 

originated from the primary tumor. .............................................................................. 119 
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Figure 21. Assessment of lung metastases development. Luminescence from the thorax 

region of animals were quantified by imagiology and followed over time as an indicator 

of metastases development. Average radiance of each group condition is represented 

according to the legend. ................................................................................................ 120 

Figure 22. Expression of different immune checkpoint molecules on tumor cells 

treated with redaporfin-PDT.  The expression of (A) CD80, (B) CTLA-4 and (C) PD-

L1 molecules on three different cell lines were evaluated by flow cytometry and compared 

to the untreated condition (light only) and to unstained cells.  p-values < 0.05 were 

considered significant with (*), p-values < 0.01 (**), p-values < 0.001 (***), p-values < 
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Figure 23. DLS intensity-based size distribution histograms. Size distribution of 

redaporfin formulation micelles measured by light scattering technique (average size = 
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Figure 24. Absorption spectra of redaporfin in in vivo formulation. Formulation for 

in vivo intravenous administration was prepared by dissolving redaporfin powder in 

ethanol:Kolliphor®EL (5:1) and then diluted in saline 0.9 % achieving a final ratio of 
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