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Abstract

Macrophages are one of the principal host cell populations in solid tumors. They are capable, due 

to their plasticity, of acquiring phenotypes that either combat (M1 type) or promote (M2 type) 

neoplastic growth. These cells, known as tumor-associated macrophages (TAMs), play complex 

but pivotal roles in the outcome of photodynamic therapy (PDT) of malignant lesions. Among the 

various parenchymal and stromal cell populations found in tumors, TAMs have been shown to 

have the greatest capacity for the uptake of systemically administered photosensitizers. Both the 

tumor-localizing property of photosensitizers and their tumor-localized fluorescence could be 

partly attributed to the activity of TAMs. Since resident TAMs with accumulated high 

photosensitizer content will sustain high degrees of PDT damage, this population (predominantly 

M2 in most tumors) is selectively destroyed, and during the ensuing inflammatory reaction is 

replaced with newly invading macrophages of M1 phenotype. These macrophages are sentinels 

responding to DAMP signals from PDT-treated tumor cells and in turn are mobilized to generate a 

variety of inflammatory/immune mediators and opsonins. They have a critical role in contributing 

to the therapeutic effect of PDT by mediating disposal of killed cancer cells and by processing/

presenting tumor antigens to T lymphocytes. However, TAMs accumulating in the later post-PDT 

phase can acquire the M2 (healing) phenotype, and could have a role in tumor recurrence by 

releasing factors that promote angiogenesis and the survival/proliferation of remaining cancer 

cells. Various therapeutic strategies modulating TAM activity in the PDT response have potential 

for clinical use for improving PDT-mediated tumor control.

1. Macrophages and their interaction with tumours

Macrophages are the most numerous leukocytes throughout the animal kingdom, with 

crucial roles in both health and disease.1,2 They are necessary residents in all tissues 

providing support for tissue homeostasis, repair from cellular senescence and injury, with 

Correspondence to: Mladen Korbelik.

HHS Public Access
Author manuscript
Photochem Photobiol Sci. Author manuscript; available in PMC 2016 August 01.

Published in final edited form as:
Photochem Photobiol Sci. 2015 August ; 14(8): 1403–1409. doi:10.1039/c4pp00451e.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



roles in primary response to infections, resolution of inflammation and wound healing.2,3 

With the exception of Langerhans cells in the skin and microglial cells in the brain, tissue-

resident macrophages are recruited by differentiation from monocytes that have migrated 

from peripheral blood.4 A major feature of these cells is highly effective capacity to 

internalize and digest particles and cell debris (by endocytosis) and engulf pathogens and 

cancer cells (by phagocytosis). Another crucial function of macrophages is oxygen-

dependent and oxygen-independent killing.5 In the former case, the respiratory burst in 

macrophages results in the production of reactive oxygen and nitrogen species, hydrogen 

peroxide and chlorine-containing reactive species that destroy the membrane structure of 

their targets. Oxygen-independent killing involves lysosomes, action of cathepsin and other 

proteases. An important feature of macrophages is their high plasticity that is governed by a 

superabundance of surface and other receptors with which they interact with a wide range of 

growth factors, cytokines, chemokines and other molecules in their microenvironment.2 This 

interaction, in turn, educates macrophages determining their specific phenotype (reflected in 

their expression profile) and hence their functional role. Macrophages are characterized by 

two distinct states of polarized activation, M1 (attacking invaders) and M2 (healing 

damage).2,3 The engagement of macrophages is central to immune defence, since in addition 

to being the prominent cellular effector population of innate immunity and the major 

antigen-presenting cell (APC) population, they direct the Th1- or Th2-like switch of the 

adaptive immune response.2

As tumors grow they release chemoattractants that mobilize a steady recruitment of 

monocytes from the peripheral blood, and then these cells relatively quickly differentiate 

into tumor stromal macrophages, best known as tumor-associated macrophages (TAMs).6 

They commonly represent the dominant leukocyte population in solid neoplasms, and in 

some cases even outnumber the cancer cells themselves. In most tumors, the majority of 

TAMs have had their function subverted to support tumor progression by adopting an M2 

phenotype with an anti-inflammatory character and thereby promote tumor angiogenesis, 

matrix deposition/remodeling, dead cell and debris/waste removal, immunosuppression and 

metastasis.3,6 Increased TAM numbers in such tumors correlates with a poor prognosis. In 

contrast, in some tumor types such as colorectal cancers, TAMs play an overall antitumor 

role that correlates with a good prognosis. In this case, TAMs are polarized towards the M1 

phenotype acting as pro-inflammatory by producing cytokines such as IL-1, IL-6 and IFN-γ, 

and orchestrating antitumor immune responses.6 A pivotal role of TAMs in securing the 

effective disposal of dead tumor cells becomes of critical importance in tumors that have 

been treated by therapies inflicting an immediate trauma at the treated site such as PDT. 

Following such a tumor-localized insult, extensive efferocytosis of large numbers of rapidly 

appearing dead cancer cells by TAMs facilitates processing and presentation of tumor 

antigens to T lymphocytes leading to the development of adaptive antitumor immune 

response.7,8

2. Role of TAMs in photosensitizer localization

Given the known role of TAMs in entrapping drugs, colloids and other materials that reach 

tumors,6 it was not surprising that these cells were found to have the highest cellular levels 

of photosensitizers (with very different chemical structures) amongst all the cell types 
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present in tumors9,10 One of the earliest observations was by Bugelski and co-workers,11 

who analyzed autoradiographic distribution of radiolabeled hematophorphyrin derivative 

(HPD) injected i.p. into tumor-bearing mice. They detected particularly high HPD levels in 

macrophages scattered throughout the tumor. In their early study, Chan et al12 used flow 

cytometric analysis and cell sorting to determine the content of the photosensitizer, 

chloroaluminum sulfonated phthalocyanine in the cellular fraction of a mouse colorectal 

carcinoma. Upon separating tumor-derived populations of high and low photosensitizer 

content, they identified macrophages among the cells with a high content. In another early 

publication,13 Henderson and Bellnier suggested based on their studies that macrophages 

exhibit extremely high affinity for accumulation of the photosensitizer, Photofrin.

In one of the first studies to investigate directly the photosensitizer uptake by macrophages 

in vitro and in vivo,14 we demonstrated that macrophages had a much greater capacity for 

Photofrin uptake than SCCVII tumor cells. This was corroborated by showing that the 

differentiation of human promyelocytic leukemia HL60 cells into macrophages was 

accompanied by a marked increased of photosensitizer cellular uptake.15 Correspondingly, 

higher average photosensitizer levels were consistently found in TAMs than in parenchymal 

cancer cells, throughout a series of different tumor models including spontaneous and 

various transplantable mouse carcinomas and sarcomas and autochthonous hamster 

squamous cell carcinomas.16–19 In these studies, the photosensitizer was typically 

administered to tumor-bearing animals 24 hours before they were sacrificed, and cells that 

had been dissociated from excised tumors were stained with antibodies raised against 

leukocyte cell surface markers. Flow cytometry analysis of these samples measured the 

photosensitizer content (based on their fluorescence) in different cellular populations from 

the tumor. Generally there was heterogeneity in photosensitizer levels within the different 

populations because of the influence of factors such as the higher content found when the 

cells were in close proximity to the nearest blood vessels.20 However, the highest 

photosensitizer levels were consistently found in the subpopulations of TAMs that had 

elevated expression of IL-2 receptors (F4/80+CD25+). These cells were also characterized 

by increased sized and granularity, which is consistent with their identification as activated 

macrophages.9,19 Based on the above findings it was suggested that the tumor-localized 

fluorescence of most photosensitizers was due to their high accumulation in activated 

TAMs.9

There seem to be two mechanisms that can get explain elevated photosensitizer uptake by 

TAMs. Jori suggested that photosensitizers that remain highly aggregated when delivered 

systemically are phagocytized in that form by macrophages.21 This was confirmed by the 

finding that cytochalasin B (a phagocytosis inhibitor) reduced the uptake of Photofrin by 

peritoneal macrophages in vitro and TAMs of Lewis lung carcinoma in vivo.14,22 The 

opposite effect of increased photosensitizer uptake by TAMs was obtained by pretreatment 

of mice with IFN-γ or dodecylglycerol, factors that induce macrophage activation and 

consequently enhance their phagocytic activity.22 The other suggested mechanism ascribes 

the elevated photosensitizer accumulation in TAMs to the engagement of their scavenger 

receptors internalizing the photosensitizer molecules associated with blood lipoproteins.10 

Thus it is possible, by using various agents that affect TAM phagocytic activity or by 
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modifying the photosensitizer molecules by adding scavenger receptor ligand, to alter the 

photosensitizer content in TAMs and consequently affect tumor photosensitizer levels.23,24

3. Macrophage activity in PDT-treated tumours

In vitro studies with peritoneal macrophages revealed that direct PDT treatment of the cells 

can affect their viability and functional activity. Interestingly, it appears that low PDT doses 

can in fact have a stimulative effect on macrophage activity in vitro and also in vivo, while 

the activity will be impaired at higher PDT doses.25–27 Macrophages treated by PDT in vitro 
were reported to produce TNF-α, and the cytotoxic effect of this cytokine on tumor cells was 

suggested as a possible mechanism of antitumor effect of PDT.28 Moreover, untreated 

macrophages co-incubated with PDT-treated tumor cells were also induced to produce TNF-

α.29,30 In this case damage-associated molecular patterns (DAMPs) such as heat shock-70 

(Hsp70) that is expressed by PDT-treated cells, can serve to trigger signaling pathways in 

macrophages mediated by Toll-like receptors 2 and 4 (TLR2 and TLR4) that leads to NFκB-

based TNF-α generation. The activation of NFκB signaling upregulated also the generation 

of nitric oxide (NO) in these macrophages.31 Macrophages co-incubated with PDT-treated 

tumor cells were found to upregulate the production of a number of other potent 

inflammatory/immune mediators including complement C3, C5, and C9,32 pentraxin 

proteins,33 the sphingolipids ceramide and sphingosine-1-phosphate,34 as well as the 

expressions of various receptors including TLR2, TLR4, and C3aR.35,36 These complement 

and pentraxin proteins can serve as opsonins by binding to dying tumor cells and facilitating 

their phagocytosis by TAMs.37 In addition to the pattern recognition surface receptors that 

recognize the DAMPs, macrophages that are in contact with PDT-treated tumor cells also 

upregulate the intracellular pattern recognition receptor called NOD (nucleotide-binding 

oligomerization domain)-like receptor pyrin domain-containing 3 (NLRP3).34 The assembly 

and oligomerization of activated NLRP3 into the multimolecular complex known as the 

inflammasome, facilitates the production of inflammatory cytokines by these 

macrophages.38

Critical to understanding the role of macrophages in PDT-treated tumors, is the fact that 

these lesions become the site of a strong acute inflammatory reaction characterized by a 

rapid and massive invasion of neutrophils, mast cells and new monocytes.39 Thus, the 

predominantly M2 tumor-promoting resident TAMs that have accumulated high 

photosensitizer levels will also sustain high lethal PDT effects and are then replaced by new 

macrophages differentiated from invading monocytes. These new macrophages are 

characterized by a M1 phenotype producing IL-1, IL-6, TNF-α, NO, complement proteins 

and other inflammatory mediators and exhibiting anti-tumor activity.40 The conversion of 

M2 macrophages into M1 macrophages following TLR activation has been reported by 

several studies.6 The TAMs isolated from mouse SCCVII tumors 2 hours post-PDT showed 

almost five-fold greater tumoricidal effect than the TAMs isolated from non-treated 

tumors.39 In vitro PDT-treated tumor cells were demonstrated to become more susceptible 

targets for killing by macrophages,41 suggesting that these effector cells recognized PDT-

induced (potentially repairable) damage on tumor cells marking them out as their 

preferential targets.9
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In the early phase post-PDT the new M1 macrophages can contribute to PDT-based tumor 

destruction. By contrast in the later phase post-PDT, the regulatory mechanisms activated to 

resolve the induced inflammatory process may lead to the establishment of macrophages 

exhibiting the healing M2 phenotype that can promote the recurrence of treated tumors.7,40 

These macrophages release mediators that suppress inflammation and immune response, 

while promoting angiogenesis of tumor blood vessels and encouraging survival/proliferation 

of resident cancer cells. These processes are mediated by secreted factors including IL-10, 

TGF-β, vascular endothelial growth factor (VEGF), cyclooxygenase-2 (COX-2), 

prostaglandins, matrix metalloproteinases, and the apoptosis inhibitor survivin.40

4. Therapeutic approaches exploiting the role of TAMs in PDT response

Since in most tumors the resident macrophages are considered to be polarized into the M2 

phenotype promoting neoplastic growth, these macrophages are regarded to be a valid target 

as a component of anti-tumor therapy.6,42 It has been shown that PDT can be optimized for 

selective TAM destruction by attaching the photosensitizer molecule to ligands of the 

scavenger receptor,43 which is a high capacity route for endocytic internalization of 

molecules into macrophages in a cell-type specific manner.44 Scavenger-receptor 

photosensitizer-targeting was proposed to result in a selective accumulation of 

photosensitizer in tumor macrophages leading to their preferential killing upon 

photodynamic light exposure.45 A conjugate between the photosensitizer chlorine(e6) and 

maleylated serum albumin was efficiently taken up by macrophages in vitro and gave highly 

selective PDT killing.23 However this approach ran into problems when the conjugates were 

systemically injected into mice. The scavenger-receptor targeted conjugates were very 

efficiently accumulated in the liver and spleen, organs with high scavenger receptor 

expression. This drawback was overcome by direct intratumoral injection of the conjugates, 

when the TAMs residing within the tumor were effectively targeted by the conjugate.46 The 

strategy of macrophage-targeting by scavenger-receptor targeted conjugates was later 

utilized to localize photosensitizers to vulnerable atherosclerotic plaques in rabbits, allowing 

fluorescence diagnosis and PDT; these lesions are particularly rich in macrophages.47,48 

Macrophage-targeted photosensitizer delivery for both diagnostic and therapeutic purposes 

can be facilitated by the nanoparticles technology. The nanoformulations explored for such 

approach include: biodegradable polymer poly(DL-lactide-co-glycolide) containing 

photosensitizer bacteriochlorophyll-a49, theranostic nanoparticles prepared by conjugating 

photosensitizer chlorin e6 to hyaluronic acid50, and positively charged nanoparticles 

consisting of a calcium phosphate core with shells of carboxymethyl cellulose and 

poly(ethyleneimine) loaded with photosensitizer 5,10,15,20-tetrakis(3-hydroxyphenyl)-

porphyrin (mTHPP)51.

Another strategy focusing on the TAMs in conjunction with PDT is based on exactly the 

opposite approach of amplifying their activity. This has also proven effective (at least with 

some tumor models) due to the fact that the PDT treatment selectively kills resident M2 

TAMs replacing them with newly invaded M1 macrophages. Highly potent vitamin D3-

binding protein-derived macrophage-activating factor (DBPMAF) administered to SCCVII-

bearing mice at 0, 4, 8 and 12 days post PDT markedly enhanced the curative effect of 

PDT.52 Examination of the host mice based on delayed-type contact hypersensitivity 
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response revealed that PDT-induced immunosuppression was greatly reduced by the 

combined DBPMAF treatment. These results suggested that the adjuvant macrophage 

activation was responsible for enhanced PDT antitumor immune response resulting in more 

complete tumor cures.

The same strategy was successfully applied with a variety of somewhat less specific 

immunoactivating agents that (at least as part of their mechanism) produce macrophage 

activation. These studies included increased PDT anti-tumor effects obtained by combining 

PDT with the beta-D-glucan schizophyllan (SPG),53 microbial vaccines such as OK-432,54 

Corynebacterium parvum (CP),55 BCG56 and mycobacterial cell wall extracts.57 Many of 

these immunostimulating agents bind to TLR and other PAMPS that are linked to increased 

M1 macrophage activation. Therapeutic gain has also been obtained when PDT was 

combined with cytokines that can affect macrophage activation such as IFN-γ,58 GM-CSF59 

as well as with diverse complement-activating agents.60–63

Another macrophage-focused therapeutic strategy for improving the tumor PDT-response is 

to counteract the activity of mediators produced by M2 TAMs in the healing anti-

inflammatory phase after PDT that can function to restore tumor growth.64 This strategy 

includes blocking the anti-inflammatory cytokines IL-10 or TGF-β,7 neutralizing pro-

angiogenic factors like VEGF,65 inhibiting the activity of metalloproteinases or COX-2,64,66 

or blocking the activity of anti-apoptotic survivin.67

5. Conclusions

Macrophages are of critical importance to the response of tumors to PDT, due to their multi-

factorial role in key processes including photosensitizer uptake/localization, the acute 

inflammatory reaction, disposal of killed tumor cells, presentation of tumor antigens, and 

promotion of tumor recurrence. A pivotal benefit of PDT is the selective destruction of 

resident M2 tumor-promoting TAMs in treated tumors and replacing them with newly 

invading activated tumor-destroying M1 macrophages. With regards to the actual anti-tumor 

PDT response, macrophages can be considered a double-edged sword because they can play 

a role in the events critical for tumor destruction, but also in the events promoting tumor 

recurrence. A number of strategies effectively exploiting macrophage activity in the anti-

tumor PDT response have potential for clinical use for improving PDT-mediated tumor 

control and establishing an anti-tumor immune response.
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Figure 1. Monocytes can differentiate into two different macrophage phenotypes
M1 macrophages are designed to attack invaders and producing pro-inflammatory cytokines; 

M2 are designed to remove debris and stimulate healing and producing anti-inflammatory 

cytokines. Resident tumor-associated macrophages generally have the M2 phenotype and 

help the tumor to grow.
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Figure 2. Combination of PDT with immunostimulants
Intratumoral injection of various Toll-like receptor (TLR) ligands: Bacillus Calmette-Guerin 

(BCG), Mycobacterial cell-wall extract (MCWE), OK-432, Zymosan, Schizophyllan (SPG) 

or Corynebacterium parvum (C.P.) effectively activates DCs and enhances the antigen 

presentation and local inflammation. Injection of various cytokines results in increased 

infiltration by macrophages (granulocyte-macrophage colony-stimulating factor, GM-CSF), 

activation of neutrophils (granulocyte colony stimulating factor, G-CSF) and direct 

destruction of tumor vessels (tumor necrosis factor alpha, TNFα).
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