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Abstract 

In combination with immune checkpoint inhibitors, photodynamic therapy can induce robust 
immune responses capable of preventing local tumor recurrence and delaying the growth  of 
distant, untreated disease (ie. the abscopal effect). Previously, we found that repeated 
photodynamic therapy (R-PDT) using porphyrin lipoprotein (PLP) as a photosensitizer, without 
the addition of an immune checkpoint inhibitor, can induce the abscopal effect. To understand 
why PLP mediated R-PDT alone can induce the abscopal effect, and how the addition of an 
immune checkpoint inhibitor can further strengthen the abscopal effect, we investigated the 
broader immune mechanisms facilitated by R-PDT and combination R-PDT + anti-PD-1 
monoclonal antibody (PD-1) in a highly aggressive, subcutaneous AE17-OVA mesothelioma 
dual tumor-bearing C57BL/6 mice.  

We found a 46.64-fold and 61.33-fold increase in interleukin-6 (IL-6) after R-PDT and 
combination R-PDT + PD-1 relative to PBS respectively, suggesting broad innate immune 
activation. There was a greater propensity for antigen presentation in the spleen and distal, non-
irradiated tumor draining lymph nodes, as dendritic cells and macrophages had increased 
expression of MHC class II, CD80, and CD86, after R-PDT and combination R-PDT + PD-1. 
Concurrently, there was a shift in the proportions of CD4+ T cell subsets in the spleen, and an 
increase in the frequency of CD8+ T cells in the distal, non-irradiated tumor draining lymph 
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nodes. While R-PDT had an acceptable safety profile, combination R-PDT + PD-1 induced 
1.26-fold higher serum potassium and 1.33-fold phosphorus, suggestive of mild laboratory tumor 
lysis syndrome. Histology revealed an absence of gross inflammation in critical organs after R-
PDT and combination R-PDT + PD-1 relative to PBS-treated mice. Taken together, our 
findings shed light on how the abscopal effect can be induced by PDT and strengthened by 
combination R-PDT + PD-1, and suggests minimal toxicities after R-PDT.   

 

Keywords: photodynamic therapy, immune response, porphyrin, immunotherapy, thoracic 
malignant tumor, PD-1 
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Introduction 

Photodynamic therapy (PDT) involves the delivery of a photosensitizer to a tumor and 

subsequent irradiation of the photosensitizer-laden tumor tissue. The activation of the 

photosensitizer generates reactive molecular species that can induce death of tumor cells through 

multiple mechanisms, including apoptosis, necrosis, autophagy, necroptosis, and immunogenic 

cell death 1–3. PDT has been clinically approved to treat melanoma, bladder, esophageal, and 

non-small cell lung cancer 4. 

 

While effective in eradicating irradiated tumors, PDT has also eliminated non-irradiated distant 

metastases, as reported in case studies5. This phenomenon is mediated through an immune 

response, termed the abscopal effect (refer to Figure 1). More commonly observed in 

radiotherapy, the abscopal effect consists of multiple steps: first, immunogenic cell death is 

induced, and dying cells release damage-associated molecular patterns (DAMPs) 1. Second, 

antigen presenting cells (APCs) such as macrophages and dendritic cells are recruited to the 

tumor, where they phagocytose tumor antigens 3,6,7. Third, there is an adaptive immune response 

involving T-cell priming by APCs8. Fourth, T cells migrate to the non-irradiated tumor and their 

effector actions can contribute to control and/or elimination of distant disease.  

 

By itself, PDT is often unable to induce a robust abscopal effect. To initiate the abscopal effect, 

PDT is often combined with immune checkpoint inhibitors9,10. Combination PDT with anti-

cytotoxic T-lymphocyte antigen 4 (CTLA-4) has been investigated to induce an abscopal effect 

in different tumor models, including in dual CT26 colorectal tumors in mice11 and lung 

metastases in 4T1 breast tumor-bearing mice12. Others have employed combination PDT with 

anti-programmed death protein (PD-1) or anti-programmed death ligand 1 (PD-L1) inhibitors to 

eliminate tumors in various models, including non-irradiated 4T1 breast tumors13,14, non-

irradiated lung metastases in 4T1 breast tumor-bearing mice and distant tumors in TUBO breast 

tumor-bearing mice15, and lung metastases in B16F10 melanoma tumor-bearing mice16. 

Meanwhile, triple combination therapy consisting of  PDT, anti-PD-L1, and oxaliplatin has been 

used to induce the abscopal effect in mice bearing CT26 colorectal tumors17.  

 

In our lab, we previously developed a novel theranostic photosensitizer, porphyrin lipoprotein 

(PLP)18.  PLP is a ~20 nm, multimodal biomimetic nanoparticle that can serve as a 

photosensitizer, fluorophore, and PET imaging agent, upon chelation with Cu-64. After 

administering PDT with PLP four times repeatedly, we observed an abscopal effect in C57/BL6 

mice bearing dual, subcutaneous AE17-OVA mesotheliomas19. When PDT was performed four 

times, termed repeated PDT (R-PDT), irradiated tumors were eradicated while non-irradiated 

tumors had a delay in tumor growth. Two weeks after the initial injection of PLP, mice that 

received R-PDT had a 4.2-fold and 4.1-fold smaller non-irradiated tumor volume, compared to 

laser control or PLP only treated mice respectively (Figure 2, panel A).  

 

Programmed cell death protein 1 (PD-1) is an inhibitory receptor expressed on activated T cells. 

By blocking the interaction of PD-1 receptors with PD-L1 expressed on tumor cells, or tumor 

microenvironment macrophages, anti-PD-1 antibodies (∝PD-1) can reverse exhaustion of 

activated T cells20. ∝PD-1 are clinically approved for the treatment of various cancers, including 
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melanoma, non-small cell lung cancer, colorectal cancer, gastric cancer, and malignant pleural 

mesothelioma21. Previously, we found the addition of ∝PD-1 to R-PDT further delayed non-

irradiated tumor growth and improved survival relative to R-PDT or ∝PD-1 therapy alone 

(Figure 2, panel B)19.   

 

To follow-up and improve our understanding of how monotherapy PDT can induce the abscopal 

effect, we systemically investigated the immune mechanisms underlying the abscopal effect after 

R-PDT. While many studies investigate the anti-tumoral efficacy of combination therapy, there 

are few that explore in-depth the immune responses underlying combination therapy. Therefore, 

we also investigated the broader immune responses potentiated by combination R-PDT + ∝PD-

1, relative to monotherapy R-PDT or ∝PD-1 (Figure 2, panel C). By evaluating immune 

populations in the distal, non-irradiated tumor, spleen, and non-irradiated tumor draining lymph 

nodes, as well as serum cytokines, we hope to establish a broader understanding as to how R-

PDT and combination R-PDT + ∝PD-1 can induce the abscopal effect. Then, to determine 

whether greater immune activation induces toxicities, we assessed the safety of R-PDT and 

combination R-PDT + ∝PD-1. Taken together, this knowledge can be leveraged to strengthen 

immune responses after PDT or combination therapy to elicit durable, systemic, and safe anti-

tumor responses.  

 

After R-PDT and combination R-PDT +  ∝PD-1, we observed many changes in immune cell 

populations across the distal, non-irradiated tumor, spleen, and non-irradiated tumor draining 

lymph node, as well as changes in serum cytokines. There was evidence of innate immune 

system activation via increases in serum IL-6. Increased maturation of APCs and expression of 

downstream costimulatory markers, in both the spleen and non-irradiated tumor draining lymph 

nodes, were noted, with subsequent shifts in the frequencies of splenic and non-irradiated tumor 

draining lymph node T cell subsets. Despite the systemic immune activation, we did not observe 

greater CD4 or CD8+ T cell infiltration across multiple organs, relative to saline-treated mice. 

Moreover, organ architecture was preserved across multiple organs. Combination R-PDT +  

∝PD-1 induced increases in potassium and phosphorus that is consistent with laboratory tumor 

cell lysis syndrome. Accordingly, the reasonable safety profile of R-PDT shows potential for 

clinical translation.  
 
Methods 
Materials 

To formulate PLP nanoparticles, the following lipids were obtained from Avanti Polar Lipids: 1, 

2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and cholesteryl oleate. Porphyrinlipid was 

synthesized in-house. 0.1 m membrane filters for nanoparticle filtration were obtained from 

Millex®, Sigma-Aldrich. Cells were cultured in Roswell Park Media 1640 (RPMI-1640), fetal 

bovine serum (FBS) and penicillin/streptomycin from Gibco. Phosphate buffered saline (PBS) 

was procured from Gibco.  For treatment of mice, α-PD-1 antibodies were purchased from 

BioXCell (clone RMP-14).  

 

For flow cytometry experiments, the following antibodies were purchased from BioLegend:  

PE anti-mouse CD3ε antibody (clone 145-2C11), PerCP/Cyanine5.5 anti-mouse CD4 antibody 

(clone RM4-5), APC/Cy7 anti-mouse CD8a antibody (clone 53-6.7), and BV 510 anti-mouse 
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CD62L antibody (clone MEL-14), TruStain FcX™ anti-mouse CD16/32, PE F4/80 (clone BM8), 

Brilliant Violet MHC IA/IE (clone M5/114.15.2), FITC CD80 (clone 16-10A1), Brilliant Violet 

421 CD86 (clone GL-1), APC/Cy7 CD11b (clone M1/70), Brilliant Violet 605 NK1.1 (clone 

PK136), and PE/Cy7 CD11c (clone N418), PE/Cy7 CD25 (clone PC61), BV605 anti-mouse 

CD44 (clone IM7). For tumor digestion in the flow cytometry experiments, collagenase IV and 

DNAse I were purchased from Sigma Aldrich and Thermo Scientific. 
 
 
Porphyrin lipoprotein synthesis 
Formulation of PLP was completed, as per the methods outlined by Cui et al18. First, a lipid film 
comprised of 0.9 µmol porphyrin-lipid, 2.1 µmol DMPC, and 0.3 µmol cholesteryl oleate, was 
synthesized via dissolution of lipids in chloroform and drying by nitrogen. Next, the film was 
hydrated with PBS and bath sonicated for 1 h. After, R4F peptide (2.3 mg; 5 mg/mL) was 
incorporated to the nanoparticle solution drop-wise until the turbid solution became transparent. 
The next day, the solution was centrifuged at 12 000 rpm for 5 minutes. 

Briefly, a lipid film consisting of 0.9 µmol porphyrin-lipid, 2.1 µmol DMPC, and 0.3 µmol 
cholesteryl oleate was formed. The film was subsequently hydrated with PBS (150 mM, pH 7.5) 
and bath sonicated for 1 h. R4F peptide (2.3 mg; 5 mg/mL) was added dropwise to the solution, 
after which the turbid solution became transparent. The next day, the solution was centrifuged at 
12 000 rpm for 20 minutes, and the supernatant was filtered through a 0.1 µm membrane (Millex®, 
Sigma-Aldrich).   

 

Cell culture 

AE17-OVA+ mesothelioma cells were gifted by Dr. Marc de Perrot (University of Toronto, 
Toronto, Ontario, Canada). AE17-OVA+ cells were cultured at 37oC in 5% CO2 in RPMI-1640 
media, supplemented with FBS (5% v/v), 100 U/mL penicillin, 100 mg/mL streptomycin and 
nonessential amino acids. 

 

In vivo testing 

All in vivo animal experiments were approved by the University Health Network Animal Care 
Committee (AUP#4151). Experiments adhered with all relevant institutional, provincial, and 
federal requirements.  

 
Dual, subcutaneous AE17-OVA+ mesothelioma tumor model 

One day prior to tumor inoculation, immunocompetent female C57BL/6 mice were anesthetized 

with isoflurane, and the hair on the hindlimbs were shaved. Then, hair removal cream (Nair) was 

applied to the hindlimb for ~10 minutes and cleansed. The next day, mice were inoculated with 

subcutaneous AE17-OVA tumors on both hindlimbs. Mice were anesthetized using isoflurane (5% 

induction, 2.5% maintenance). With a 25-gauge needle, mice were subcutaneously inoculated with 

1x106 AE17-OVA+ mouse mesothelioma tumor cells re-suspended in PBS, into both dorsal 

hindlimbs.  
 
Treatments 
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Mice were randomly assigned to be treated with either: PBS, ∝PD-1, R-PDT, or combination R-

PDT + ∝-PD-1. We defined the day of the first PLP, PBS, and/or ∝PD-1 antibody injection as 

“day 0”. A schematic of the treatment schedule is shown in Figure 2, panel C. For PBS 

treatment, mice were intravenously injected with PBS on days 0, 3, 6, or 9. For ∝PD-1 treatment, 

mice were intraperitoneally injected with ∝PD-1 (12 mg/kg) on days 0, 3, 6, or 9.  

 
For R-PDT treatment, mice were intravenously administered PLP injections on days 0, 3, 6, or 9. 
At 24 h post injection, the left tumors of mice were irradiated on days 1, 4, 7, and 10.  For 
combination R-PDT + ∝ PD-1 treatment, mice were injected intravenously with PLP and 
intraperitoneally with ∝PD-1 four times in total (days 0, 3, 6, and 9), followed by laser irradiation 
(days 1, 4, 8, and 10). Mice treated with R-PDT or combination R-PDT + ∝PD-1 received light 
irradiation (671 nm wavelength, 100 mW/cm2) for 5 minutes, at 24 h post-injection of PLP. Mice 
were sacrificed on day 11 for flow cytometry and histology.   
 
Flow Cytometry  

On day 11, mice across all treatment groups were anesthetized with isoflurane and sacrificed via 
terminal cardiac puncture. Non-irradiated tumors, non-irradiated tumor draining lymph nodes, and 
the spleen were removed from each mouse for flow cytometry.   

 
To digest tumors into single cell suspensions, tumors were minced and digested in collagenase IV 
and DNAse I in 37oC for 30 minutes, while shaken on a MultiTherm (ThermoFisher). To stop the 
enzymatic reaction, EDTA (5 µM) was added. Subsequently, tumor cells were washed, centrifuged, 
and filtered. 
 
For the digestion of non-irradiated tumor draining lymph nodes, mechanical digestion was 
employed. Lymph node cells were filtered through a 100 µm cell strainer (Falcon), washed with 
PBS, and centrifuged.  
 
For processing of spleens into single cell suspensions, mechanical digestion was used. After 
filtration through a 100 µm cell strainer (Falcon), spleen samples were resuspended in erythrolysis 
buffer for 10 minutes. Following red blood cell lysis, samples were washed with PBS, centrifuged, 
and counted. 
 
Cells were counted using a Vi-CELL XR Cell Viability Analyzer (Beckman Coulter). Then, spleen, 
lymph node, and tumor cells were split and incubated with TruStain FcX™ (1:50 dilution) for 20 
minutes at 4oC to block non-specific Fc receptor binding. After washing, centrifugation, and 
removal of supernatant, cells were stained with one of two antibody panels for 20 minutes at 4oC. 
The first antibody panel comprised of PE CD3, PerCP/Cy5.5 CD4, APC/Cy7 CD8, Brilliant Violet 
605 CD44, Brilliant Violet 510 CD62L, PE/Cy7 CD25, FITC CD127, and DAPI (BioLegend). 
The second panel consisted of PE F4/80, Brilliant Violet MHC IA/IE, FITC CD80, Brilliant Violet 
421 CD86, APC/Cy7 CD11b, Brilliant Violet 605 NK1.1 and PE/Cy7 CD11c. Following antibody 
staining, samples were washed, centrifuged and stained with DAPI. Subsequently, samples were 
analyzed cytoFLEX S (Beckman Coulter, USA) and data were analyzed with FlowJo (TreeStar).  
 
Serum analysis 

On day 11, terminal cardiac puncture was performed using a 25-gauge needle inserted into the 
ventricles of the heart, with ~500 µL of blood obtained per mouse. Blood was rested at room 



 7 

temperature for ~45 minutes to ensure clotting. Next, samples were centrifuged at 1000 g for 10 
minutes, and the supernatant (ie. the serum) was collected for analysis. Half the serum was diluted 
in PBS two-fold and iced prior to shipment to Eve Technologies (Calgary, Canada) for serum 
analysis via the mouse pro-inflammatory focused 18-plex cytokine array. Multiplexing of 
granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon-gamma (IFN), 
interleukin-1 beta (IL-1B), interleukin-2 (IL-2), interleukin-4 (IL-4), interleukin-5 (IL-5), 
interleukin-6 (IL-6), interleukin-7 (IL-7), interleukin-10 (IL-10), interleukin-12p70 (IL-12p70), 
interleukin-13 (IL-13), interleukin-17A (IL-17A),  monocyte chemoattractant protein-1 (MCP-1), 
keratinocytes-derived chemokine (KC), and macrophage inflammatory protein-2 (MIP-2) and 
tumor necrosis factor alpha (TNF-∝) was conducted. 
 
The remainder of the serum was submitted to the University Health Network’s Animal Resource 
Centre for biochemical analysis via the VetScan VS2 (Zoetis). Total bilirubin, alanine 
aminotransferase, alkaline phosphatase, blood urea nitrogen, creatinine, potassium, calcium, 
sodium, phosphorus, glucose, and amylase were analyzed.  
 
Histology 

On day 11, mice were sacrificed and dissected to collect the brain, liver, lung, heart, kidney, liver, 
spleen, lymph nodes, irradiated and non-irradiated tumors for histology. All organs were fixed in 
10% formalin for 3 days, and subsequently transferred to 70% ethanol. Next, samples were 
submitted to the STTARR Histopathology Core services for paraffin embedding, slicing, and 
staining of CD4 and CD8. Following this step, whole slide scanning at 20x magnification was 
performed (Aperio Scanscope XT whole-slide scanner, Leica Biosystems) at the Advanced Optical 
Microscopy Facility. Then, whole slide analysis of CD4 and CD8 staining across tissues was 
completed with Halo software using the cytonuclear analysis module.   
 
Statistical Analyses 

Statistical analysis was performed using GraphPad Prism version 8.4.3 for Macintosh (GraphPad 
Software, San Diego, California, USA, www.graphpad.com). For flow cytometry, serum cytokine, 
and Halo quantified histology data, we employed ordinary one-way ANOVAs and post-hoc 
Tukey’s multiple comparisons tests to assess for significant differences in immune cell populations. 
Significance was set at p<0.05. Values are presented as mean ± standard deviation. 

 

 

Results  

 

1. Repeated PDT alone and in combination with ∝PD-1induces an innate immune 

response  

Previously, we found that PLP mediated R-PDT induced the abscopal effect in a highly 

aggressive, dual subcutaneous AE17-OVA mesothelioma model in C57BL/6 mice. Mice treated 

with four cycles of PDT (R-PDT) had four-fold reduced growth on the distal, non-irradiated 

tumor, relative to controls (Figure 2, panel A)19.  Moreover, R-PDT in combination with ∝PD-1 

had prolonged survival, relative to mice treated PBS, R-PDT, and ∝PD-1 (Figure 2, panel B). As 

such, we aimed to determine the immune mechanisms underlying this abscopal effect.  
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After mice were treated with either PBS, ∝PD-1, R-PDT, or R-PDT + ∝PD-1, we evaluated their 

serum cytokine and chemokine levels. IL-6 is a pleiotropic cytokine secreted by various cells, 

including macrophages, B and T cells, and monocytes22, and is involved in the stimulation of 

acute phase reactions, antibody production, and T-cell proliferation23. IL-6 was significantly 

greater after R-PDT, than after PBS and anti-PD-1 treated mice (Figure 3, panel A). Likewise, 

we observed a significantly greater increase in serum IL-6 for mice treated with R-PDT +  ∝PD-

1. Concurrently, mice treated with R-PDT, or R-PDT + ∝PD-1, compared to PBS or ∝PD-1, had 

reduced serum albumin (Figure 3, panel B). Associated with inflammation, the reduction of 

albumin may arise from IL-6, which can inhibit albumin synthesis in the liver23. There was a 2-

fold elevation in serum globulins following both R-PDT and combination R-PDT +  ∝PD-1 

treatment over the other groups (Figure 3, panel C). Accordingly, this rise in the level of 

globulins suggests activation of B-cells and subsequent secretion of antibodies.  

 

Neutrophils are the first responder lymphocytes to sites of injury and inflammation and can 

undergo effector functions such as oxidative burst or formation of neutrophil extracellular traps 

to defend against pathogens24. After R-PDT, we observed a decrease in serum chemokines 

responsible for neutrophil recruitment. Interleukin-1∝ (IL-1∝) is a pro-inflammatory cytokine 

that can serve as an alarmin and subsequently recruit neutrophils to the site of injury25,26. Mice 

treated with R-PDT and combination R-PDT +  ∝PD-1 had 2.0- and 2.8-fold decreases in IL-1∝  

relative to PBS treated mice (Figure 3, panel D). CXCL5 is a potent neutrophil chemoattractant 

and activator and has been associated with poor prognosis in patients with various types in 

cancers27,28. Serum levels of CXCL5 were decreased 2.4- and 2.9-fold in R-PDT and 

combination R-PDT +  ∝PD-1, respectively (Figure 3, panel E). Macrophage inflammatory 

protein-2 (MIP-2), also known as CXCL2, is a potent chemoattractant produced by neutrophils24; 

Gollnick et al. previously demonstrated that neutrophil recruitment induced by PDT is dependent 

on the presence of MIP-229. MIP-2 was also reduced for R-PDT and combination R-PDT +  

∝PD-1 treated mice, relative to ∝PD-1 controls (Figure 3, panel F). Compared to PBS treated 

mice, combination R-PDT +  ∝PD-1 treated mice had reduced MIP-2. Taken together, the 

reduction in serum IL-1∝, CXCL5, and MIP-2 suggests reduced neutrophil migration after R-

PDT or combination R-PDT +  ∝PD-1. Levels of other cytokines and chemokines in the serum 

were quantified and are reported in Supplementary Figures 1 and 2, respectively. No differences 

were observed between treatment groups for the following cytokines: GM-CSF, IFN-, IL-1, 

IL-2, IL-4, IL-5, IL-7, IL-10, IL-12p70, IL-13, IL-17A, and TNF-. Likewise, there were no 

differences in serum levels of KC and MCP-1 between treatment groups.  

 

Natural killer (NK) cells are lymphocytes that do not require antigen-specificity like T cells to 

mount defenses against viruses and tumors30. After treatment with R-PDT or R-PDT +  ∝PD-1, 

there was no change in the frequency of NK cells in the non-irradiated tumor (Figure 3, panel G). 

However, there was an increase in NK1.1+ cells in the spleen relative to PBS or ∝-PD-1 treated 

mice (Figure 3, panel H). The greater frequency of splenic NK cells after R-PDT or R-PDT +  

∝PD-1, compared to PBS or ∝PD-1 treated mice suggests splenic NK cell proliferation and 

further re-affirms that R-PDT can induce a systemic innate immune response. Meanwhile, we 

did not observe any differences in NK cells in the non-irradiated tumor draining lymph nodes 

(Figure 3, panel I). 
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Repeated PDT alone and in combination with ∝PD-1 can systemically induce macrophage 

proliferation, and upregulate costimulatory molecules  

Macrophages are leukocytes that phagocytose pathogens and have antigen-presentation functions 

to activate primed T cells31. In the non-irradiated tumor, there was a 1.7-fold and 1.8-fold 

increase in F4/80+CD11b+ macrophages after R-PDT + ∝PD-1, relative to PBS and R-PDT 

treated mice, respectively (Figure 4, panel A). No differences were observed in their expression 

of activation markers, such as MHC class II, CD80, or CD86 (Supplementary Figure 3, panels A, 

B, and C) between the treatment groups.  

 

Meanwhile, in the spleen, we observed an increase in F4/80+CD11b+ splenic macrophages after 

treatment with R-PDT or R-PDT +  ∝PD-1 compared to PBS or ∝PD-1 (Figure 4, panel B).  

Next, we investigated red pulp macrophages, a subset of which that are CD11cint  can cross-

prime conventional dendritic cells and present antigen to effector CD8+ T cells to mount an early 

antiviral response32. Quantification of this CD11b-F4/80+ CD11cint subset revealed no difference 

across treatment groups (Figure 4, panel C). Expression of MHC class II molecules was robust 

across treatment groups with expression on ~40% of CD11b-F4/80+ CD11cint
 cells (Figure 4, 

panel D). In addition, we observed greater expression of CD80 on CD11b-F4/80+ CD11cint cells 

after treatment with R-PDT +  ∝PD-1 relative to PBS or ∝PD-1 treatment (Figure 4, panel E). 

Notably, expression of the co-stimulatory molecule CD86 was greater on CD11b-F4/80+ 

CD11cint
 cells after treatment with R-PDT relative to PBS or ∝PD-1 treatment, and for R-PDT +  

∝PD-1 treated mice compared to PBS treated mice (Figure 4, panel F). With the presence of 

MHC class II molecules and upregulation of CD86 costimulatory molecules on these CD11b-

F4/80+ CD11cint red pulp macrophages after R-PDT, these macrophages have the potential to 

cross-prime CD8+ T cells.  

 

In the non-irradiated tumor draining lymph nodes, the percentage of F4/80-CD11b+ myeloid 

cells increased 1.7- and 1.8-fold after treatment with combination R-PDT + ∝PD-1 compared to 

PBS and ∝PD-1, respectively (Figure 4, panel G). In addition, this myeloid population had 

greater expression of MHC class II, after R-PDT or R-PDT + ∝PD-1 treatment, compared to 

PBS or ∝PD-1 (Figure 4, panel H). Neither expression of costimulatory CD80 nor CD86 differed 

between treatment groups (Supplementary Figure 3, panels D and E). Meanwhile, the percentage 

of F4/80+CD11b + macrophages also increased after R-PDT + ∝PD-1, relative to R-PDT and 

PBS (Supplementary Figure 3, panel F). MHC class II expression on medullary macrophages 

were similar across treatment groups (Supplementary Figure 3, panel G). CD80 expression was 

higher for R-PDT treated mice, compared to combination R-PDT + ∝PD-1 (Supplementary 

Figure 3, panel H). CD86 expression on F4/80+CD11b+ macrophages did not differ between 

treatment groups (Supplementary Figure 3, panel I). Given the increase in the frequency of 

myeloid cells after combination R-PDT + ∝PD-1, these subsets may contribute to antigen-

presentation to T cells.  

 

R-PDT and combination R-PDT + ∝PD-1 increased dendritic cell maturation 

 

To bridge the innate and adaptive immune systems, activated dendritic cells process antigen for 

presentation to naïve T cells, resulting in the differentiation and proliferation of cognate T cells33.   

Upon activation, dendritic cells upregulate the antigen presentation marker, MHC class II, and 

costimulatory markers, CD80 and CD86.  
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In the non-irradiated tumor, there was an increase in the frequency of mature CD11c+ MHC 

class II+ dendritic cells in mice after combination R-PDT + ∝PD-1 treatment, relative to PBS 

(Figure 5, panel A). There were no changes in expression of CD80 or CD86 on CD11c+MHC 

class II+ dendritic cells between treatment groups (Figure 5, panels B and C). In the spleen, the 

frequencies of dendritic cells were similar across treatment groups (Figure 5, panel D). However, 

after R-PDT or combination R-PDT +  ∝PD-1, there were 2.6- and 2.2-fold greater expression of 

the co-stimulatory marker, CD80, relative to PBS treated mice, respectively (Figure 5, panel E). 

CD86 was similarly upregulated on dendritic cells of mice treated with R-PDT or R-PDT +  

∝PD-1, compared to PBS or ∝PD-1 (Figure 5, panel F). In the non-irradiated tumor draining-

lymph nodes, we observed a 2.4- and 2.3-fold increase in mature CD11c+ MHC class II+ 

dendritic cells after R-PDT + ∝PD-1 treatment, relative to PBS or ∝PD-1 treatments (Figure 5, 

panel G). CD80+ and CD86+ expression on dendritic cells did not differ between treatment 

groups (Supplementary Figure 4, panels A and B). Across the non-irradiated tumor, spleen, and 

non-irradiated tumor draining lymph nodes, we observed the presence of dendritic cells that have 

antigen-presentation and costimulatory markers, which suggests their ability to prime CD4+ T 

cells.  

 

R-PDT can alter CD3+ T cell populations systemically  

CD3 is a pan-T cell marker and is found on CD4+ and CD8+ T cell subsets. CD4+ T cells play 

multi-faceted roles in anti-tumor immunity, including providing help to CD8+ T cells for 

cytolysis, help to B cells for antibody production, and secreting tumoricidal cytokines like IFN-

𝛾34. Meanwhile, CD8+ T cells can directly eliminate tumor cells via binding of Fas receptors on 

tumor cells to activate death domains or by secreting cytotoxic molecules such as perforin and 

granzyme35.  

 

In the non-irradiated tumor, we observed a 2.4-fold increase in the percentage of CD3+ T cells 

after R-PDT + ∝PD-1 treatment relative to PBS (Figure 6, panels A and B), implying either 

greater proliferation of CD3+ T cells or migration from other organs. Delving into CD4+ and 

CD8+ T cell subsets, we did not note any differences between treatment groups (Figure 6, panels 

C and D). Further examination of the proportion of CD8+ naïve, central, and effector memory T 

cells subsets yielded no differences across treatment groups (Supplementary Figure 5, panels A, 

B, and C). 

 

In the spleen, the proportion of CD3+ T cells declined 2.3-fold after R-PDT and R-PDT + ∝PD-

1 treatment, compared to PBS treatment (Figure 6, panels E and F). This decline suggests that 

there is a migration of CD3+ T cells from the spleen after priming by dendritic cells and 

macrophages.  Stratification of CD3+ T cells into CD4+ and CD8+ T cells revealed no 

differences between treatment groups (Figure 6, panels G and H). Stratification of CD8+ T cells 

by CD44 and CD62L into naïve and central memory T cells showed no difference across 

treatment groups (Supplementary Figure 5, panels D and E). Meanwhile, the frequency of 

CD8+CD44+CD62L- effector memory T cells was greater for combination R-PDT + ∝PD-1 

treatment,  relative to PBS treatment (Supplementary Figure 5, panel F).  

 

Lastly, in the non-irradiated tumor draining lymph nodes, there were no differences in the 

proportions of CD3+ T cells across treatment groups (Figure 6, panels I and J). However, there 
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were shifts in the proportion of CD4+ and CD8+ T cells. There was a decline in the proportion of 

CD4+ T cells after R-PDT and R-PDT + ∝PD-1, compared to PBS or ∝PD-1 treatment (Figure 

6, panel K). R-PDT resulted in a greater percentage of CD8+ T cells relative to PBS or ∝PD-1 

treatment (Figure 6, panel L). Likewise, combination R-PDT + ∝PD-1 treatment yielded greater 

percentages of CD8+ T cells in the non-irradiated tumor draining lymph nodes, relative to ∝PD-

1 treatment. The frequencies of CD8+ naïve, central memory, and effector memory 

subpopulations were similar across treatment groups (Supplementary Figure 5, panels G, H, I).  

 

R-PDT, and R-PDT +  ∝-PD-1 can shift CD4+ T cell subsets in the spleen and non-

irradiated tumor draining lymph nodes  

In the non-irradiated tumor, the proportions of naïve, central and effector memory CD4+ T cells, 

as well as CD4+ Tregs, were similar between treatment groups (Supplementary Figure 6).  In the 

spleen, the proportions of naïve T cells did not differ between treatment groups (Figure 7, panels 

A and B). However, treatment with R-PDT resulted in a 1.4-fold reduction in the proportion of 

CD4+ central memory T cells compared to PBS (Figure 7, panel C). Similarly, combination R-

PDT + ∝PD-1 induced a 1.6- and 1.4-fold reduction in the percentage of splenic CD4+ central 

memory T cells, relative to PBS and ∝PD-1, respectively. This reduction in the percentage of 

CD4+ central memory T cells was offset by a 2.0-fold increase in the proportion of CD4+ 

CD44+CD62L+ effector memory T cell after R-PDT, relative to PBS (Figure 7, panel D). 

Likewise, combination R-PDT +  ∝PD-1 treatment also resulted in a 2.4-and 1.6-fold increase in 

CD4+ effector memory T cells, compared to PBS and  ∝PD-1 treatment. After re-activation by 

antigen presenting cells, CD4+ central memory cells may differentiate and migrate to the non-

irradiated tumor, accounting for the decline in the proportion of CD4+ central memory T cells 

after R-PDT and R-PDT + ∝PD-1 treatments. CD4+ Tregs are an immunosuppressive subset of T 

cells that maintain self-tolerance to prevent autoimmunity36. In the spleen, there was an increase 

in CD4+ Tregs after R-PDT or combination R-PDT + ∝PD-1 treatment compared to PBS or ∝PD-

1 (Figure 7, panel E).  This increase may arise as a counter-balance to splenic inflammation. 

 

In the non-irradiated tumor-draining lymph node, the proportions of naïve and central memory 

CD4+ T cells were similar across treatment groups (Figure 7, panels F, G, and H). Delving into 

CD4+ T cell subsets, we observed that combination R-PDT + ∝PD-1 treatment resulted in a 1.7-

fold higher proportion of CD44+CD62L+ effector memory T cells, compared to PBS treatment 

(Figure 7, panel I). Notably, there was a 1.4-fold decline in CD4+ Tregs in the non-irradiated 

tumor-draining lymph nodes after R-PDT compared to ∝PD-1 treatment, and 1.5-fold decrease 

for combination R-PDT + ∝PD-1 compared to both PBS or ∝PD-1 (Figure 7, panel J).  

 

 

Despite systemic immune activation, CD4+ and CD8+ T cells do not infiltrate organs at 

higher rates after R-PDT compared to controls  

 

Infiltration of CD4+ and CD8+ T cells into organs was investigated after mice were treated with 

PBS, ∝PD-1, R-PDT, or combination R-PDT +  ∝PD-1. Immunohistology revealed no 

difference in CD4+ and CD8+ infiltration into the brain, colon, heart, kidney, liver, and lungs, 

between treatment groups (Figures 8 and 9). Accordingly, despite systemic immune activation, 

this lack of increase in CD4+ and CD8+ T-cell infiltration suggests a degree of safety and 
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reduced likelihood of immune related adverse events in major organs for R-PDT and 

combination R-PDT +  ∝PD-1.  

 

Liver and kidney function for mice treated with R-PDT +  ∝PD-1 

Liver and kidney function of mice were evaluated, from the serum obtained on Day 11. We did 

not observe any differences in total bilirubin or alanine aminotransferase between treatment 

groups (Figure 10, panels A and B). We noted a decline in alkaline phosphatase, after R-PDT 

relative to PBS or ∝PD-1 treated mice, and R-PDT +  ∝PD-1 relative to PBS or ∝PD-1 treated 

mice (Figure 10, panel C). Alkaline phosphatase is an enzyme synthesized in the liver and bone, 

which removes phosphate groups in basic pH. Meanwhile, levels of blood urea nitrogen and 

creatinine were similar across treatment groups, suggesting normal kidney function (Figure 10, 

panels D and E).  

 

Both serum potassium and phosphorus were higher for mice treated with combination R-PDT +  

∝PD-1, relative to PBS (Figure 10, panels F and G). Lysis of tumor cells after combination R-

PDT +  ∝PD-1 with a subsequent release of intracellular potassium and phosphorus may account 

for the increases we observe37,38. Calcium and sodium were similar across treatment groups 

(Figure 10, panels H and I).  

 

Next, we observed a 1.5- and 1.7-fold reduction in serum glucose for R-PDT and combination R-

PDT +  ∝PD-1, relative to PBS-treated mice (Figure 10, panel J). In parallel, we saw that 

treatment with R-PDT or combination R-PDT +  ∝PD-1 reduced serum amylase in mice, 

compared to treatment with PBS (Figure 10, panel K). As serum amylase is an enzyme that 

hydrolyzes starch into glucose39, a fall in serum amylase levels may reflect a reduction in the 

breakdown of starches into glucose.  

 

Overall, R-PDT can induce alterations in liver enzymes, but combination R-PDT +  ∝PD-1 may 

induce additional electrolyte alterations, including possible mild tumor cell lysis that result in 

spikes in electrolytes like phosphorus and potassium. However, body weight of mice across 

treatment groups did not differ, suggesting that these alterations may not have been clinically 

significant (Figure 10, panel L).  Moreover, hematoxylin and eosin staining of organs including 

the brain, colon, heart, kidney, liver, and lungs, revealed no gross anatomical damage after R-

PDT and combination R-PDT +  ∝PD-1 relative to PBS-treated mice (Figure 111).  

 

Discussion 
Previously, we observed that R-PDT mediated by porphyrin lipoprotein (PLP) can induce the 
abscopal effect in a highly aggressive, dual subcutaneous AE17-OVA mesothelioma model in 
C57BL/6 mice19. Mice treated with R-PDT had a delay in non-irradiated tumor growth and 
improved survival, relative to controls. To understand why PLP mediated R-PDT alone can 
induce the abscopal effect, and how combination therapies strengthen the abscopal effect, we 
investigated the broader immune mechanisms facilitated by R-PDT and combination R-PDT + 
PD-1 in dual AE17-OVA mesothelioma bearing mice. Then, we examined the safety profile of 
R-PDT and R-PDT +  ∝PD-1.  

 

Abscopal effect induced by R-PDT  
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The abscopal effect has been clinically observed in cancer patients treated with radiotherapy and 

its mechanisms there-in are better-characterized, relative to photodynamic therapy40–43. 

Mechanistically, the radiotherapy-induced abscopal effect involves immunogenic cell death upon 

irradiation of the primary tumor, recruitment of antigen-presenting cells to the irradiated tumor, 

T-cell priming by antigen presenting cells in the lymph nodes, and CD8+ T-cell mediated 

cytotoxicity against distant, non-treated tumor 44.  Similarly, in pre-clinical assessments of 

photodynamic therapy in combination with immune checkpoint blockade, the mechanisms of the 

abscopal effect also involve immunogenic cell death, CD8+ T-cell priming at the lymph nodes 

and migration of CD8+ T cells to distant, non-irradiated metastases or tumors 17,45. In our work, 

we sought to more broadly evaluate the immune mechanisms underlying the immune response.  

 

As previously described, treatment of primary AE17-OVA+ tumors with PLP-mediated PDT, 

resulted in a decrease in calreticulin expression in tumor tissue, suggestive of the release of this 

DAMP and the induction of immunogenic cell death46. In this work, we also report that after R-

PDT relative to that of PBS-treated mice, we noted major differences systemically: 1) there was 

broad innate immune activation, and 2) there was likely antigen presentation by APCs in both the 

spleen and the non-irradiated tumor draining lymph node, which resulted in shifts in splenic 

CD4+ T cell populations, and an increase in nodal CD8+ T cells. A summary of the immune 

cross-talk is illustrated in Figure 12. 

 

Many innate immune mechanisms appear to be activated by R-PDT. First, serum IL-6 was 

increased following R-PDT and combination R-PDT +  ∝PD-1 (Figure 3, panel A). Others have 

reported increases in serum IL-6 following PDT.  Gollnick et al.  reported an increase in serum 

IL-6 and MIP-2 in EMT6 mammary tumor-bearing mice after a single round of HPPH-PDT29. 

Reginato et al. found an 18-fold increase in serum IL-6 in patients with esophageal squamous 

cell carcinomas after Photofrin-PDT for 7 days post PDT47. In addition, PDT using novel organic 

polymer nanoenzyme in B16F10 melanoma-bearing mice also resulted in 4.9-fold greater serum 

IL-6, relative to saline control at three days post-treatment48. Pro-inflammatory IL-6 triggers 

downstream effects which can include B cell activation and antibody production, which we 

likely observed in our study as an increase in serum globulins (Figure 3, panel C). Similarly, 

Preise et al. observed greater B cell infiltration in the tumor 24 hours after PDT with a Pd-

bacteriochlorophyll derivatived photosensitizer in mice bearing CT26 colon carcinoma49. 

Accompanying this increase, they reported increased serum immunoglobulin titres one week 

post-PDT. The degree of importance to which B cell activation and globulin production is 

involved in the abscopal effect remains to be further investigated.  

 

After R-PDT, we observed declines in serum levels of cytokines associated with neutrophil 

chemotaxis. IL-1∝, CXCL5, and MIP-2 were all reduced after R-PDT and combination R-PDT +  

∝PD-1 treatments, relative to PBS treatment. Previously, de Vree et al50, and Kousis et al.51, 

have shown that after a single round of Photofrin-based and Photochlor-based PDT respectively, 

neutrophils were recruited to the tumor rapidly, where they regulate CD8+ T-cell proliferation in 

the tumor draining lymph nodes51. While neutrophils play an important role in the initiation of an 

anti-tumor response, with repeated rounds of PDT other immune cells may overtake the 

importance of neutrophils in sustaining long-term anti-tumor immune responses.  
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To bridge the innate and adaptive immune system, we hypothesize that R-PDT can induce 

antigen presentation in both the spleen and non-irradiated tumor draining lymph nodes. 

Destruction of the tumor by photodynamic therapy can induce release of DAMPs, heat shock 

proteins, and tumor antigens8. Previously, we showed that R-PDT altered levels of calreticulin at 

the irradiated tumor19. These DAMPs can attract leukocytes to the site of injury. Subsequently, 

antigen-presenting cells at the irradiated tumor may either migrate to the lymph nodes or spleen, 

or tumor antigens may enter the bloodstream and circulate to the spleen, where they are 

phagocytosed and processed by antigen presenting-cells. We found that dendritic cells in the 

spleen had upregulation of costimulatory molecules CD80 and CD86 after R-PDT, suggestive of 

CD4+ T cell mediated activation of antigen presenting cells via CD40-CD40L signalling (Figure 

5, panels E and F). Meanwhile, splenic F4/80+CD11b+ myeloid cells were observed at a greater 

frequency after R-PDT or combination R-PDT +  ∝PD-1, relative to ∝PD-1 or PBS treated mice 

(Figure 3, panel B).  Moreover, red pulp macrophages with putative antigen presenting abilities 

had greater CD86 expression after R-PDT, relative to PBS-treated mice (Figure 3, panel F). 

Paralleling the increase in antigen presenting cells and their costimulatory marker expression, we 

noted a decrease in frequency of splenic CD3+ T cells, suggestive of their emigration (Figure 6, 

panels E and F). Within the CD4+ T-cell compartment, we observed a rise in the proportion of 

CD4+ effector memory T cells (Figure 7, panel D). Therefore, effector memory cells may be 

proliferating preferentially over central memory cells. The contribution of specific subsets of 

CD4+ T cells including Th1, Th2, and Th17 cells, remains to be elucidated.  

 

Splenic DCs may also prime Tregs, as we observed a greater frequency of Tregs after treatment 

with R-PDT or combination R-PDT +  ∝-PD-1, relative to PBS treated mice (Figure 7, panel E). 

Yamazaki et al. had previously reported that splenic dendritic cells can induce Foxp3+ Tregs in 

the presence of low amounts of OVA+ antigen and TGF-52,53. Previously, in CT26 colorectal 

tumor-bearing mice, Reginato et al. observed an increase and peak in splenic Tregs four days after 

PDT, followed by a decline54. While the increase in percentage of splenic Tregs suggests that 

there could be an increase in the induction of tolerance to tumor antigens and subsequent 

attenuation of an anti-tumor response, the degree to which splenic Tregs retain their function is 

unknown. Reginato et al. reported that in squamous cell carcinoma patients, PDT reduced the 

suppressive capacity of peripheral Tregs without affecting the frequency of Tregs and suggested 

that the attenuation in Treg function could be mediated by an increase in serum IL-647.  In our 

work, we observed an increase in serum IL-6, which may also have downstream effects that 

downregulate splenic Treg function (Figure 3, panel A). Tregs can secrete inhibitory cytokines 

including IL-10, but we did not observe any accompanying increases in serum IL-10 after R-

PDT or combination R-PDT +  ∝PD-1 treatment, compared to PBS (Supplementary Figure 1, 

panel H). The functionality of splenic Tregs after PDT, and their role in anti-tumor immunity can 

be further investigated.  

 

In the non-irradiated tumor draining lymph nodes, we found an increase in the frequency of 

CD8+ T cells, whereas CD4+ T cell frequency was reduced after R-PDT compared to PBS 

treated mice (Figure 6, panels K and L). This suggests the proliferation of CD8+ T cells, possibly 

arising from a combination of dendritic cell cross-presentation or CD4+ T cell help34.  

 

Abscopal effect induced by combination R-PDT + ∝PD-1 
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Combination R-PDT +  ∝PD-1 induced similar immune responses as R-PDT, namely: 1) broad 

innate immune activation with higher serum IL-6 and globulins (Figure 3), 2) greater antigen 

presentation in the spleen, with dendritic cells upregulating CD80 and CD86 (Figure 5, panels E 

and F) and red pulp macrophages with increased CD86 expression (Figure 3, panel E), 3) decline 

in the percentage of splenic CD3+ T cells, implying T cell emigration away from the spleen 

(Figure 6, panels E and F), 4) alterations to CD4+ T cell subsets, with a decline in central 

memory T cells, and a rise in effector memory plus Tregs in the spleen (Figure 7, panels A to E), 

and 5) reduction in CD4+ T cells in the non-irradiated tumor draining lymph nodes (Figure 6, 

panels I and K) with a reduced proportion of Tregs (Figure 7, panel J). 

 

In addition, combination R-PDT +  ∝PD-1 induced other responses relative to PBS or ∝PD-1 

treated mice, including: 1) increase in natural killer cells in the spleen (Figure 3, panel H ), 2) an 

increase in F4/80-CD11b+ myeloid cells in the non-irradiated tumor draining lymph nodes and 

accompanying greater expression of MHC class II (Figure 4, panels G and H), 3) in the non-

irradiated tumor draining lymph nodes, there were greater percentages of dendritic cells 

suggestive of priming of naïve T cells (Figure 5, panel G), 4) at the distal, non-irradiated tumor, 

there was an increase in the percentage of dendritic cells (Figure 5, panel A) and macrophages 

(Figure 4, panel A), which can prime effector T cells, and 5) at the distal tumor, there was an 

increase in CD3+ T cells (Figure 6, panels A and B), which may arise from the proliferation of 

primed effector T cells.  

 

We found that the frequency of splenic natural killer cells increased after combination R-PDT +  

∝PD-1 relative to PBS treated mice (Figure 3, panel H). Previously, Kabingu et al. reported that 

in mice bearing subcutaneous EMT6 and EMT6 lung tumours treated with Photofrin-PDT, 

depletion of NK cells resulted in the inability of PDT to reduce non-irradiated lung tumors55. 

They postulated that NK cells provide help to CD8+ T cells, to help modulate distal tumor 

growth. Given the crosstalk between natural killer cells and macrophages and dendritic cells, an 

increase in the frequency of NK cells may further promote cross-talk, with downstream 

macrophage and dendritic cell activation.  

 

In the tumor draining lymph nodes of the non-irradiated, distal tumor, there was an increase in 

the proportion of F4/80-CD11b+ myeloid cells after combination R-PDT + ∝PD-1 and an 

upregulation of MHC class II expression (Figure 4, panels G and H), suggestive of their 

activation. This population includes subcapsular macrophages, which are the first immune cells 

to encounter and sample antigens in lymph from incoming afferent vessels56. Activated 

subcapsular macrophages have been shown to provide antigen directly to follicular B cells and 

promote antibody affinity maturation57–59. As such, subcapsular macrophage crosstalk with B 

cells may also contribute to our observation of increased serum globulins after combination R-

PDT + ∝PD-1 relative to PBS-treated mice.  

 

At the distal, non-irradiated tumor, treatment of mice with combination R-PDT +  ∝PD-1, 

resulted in an increase in both dendritic cells (Figure 5, panel A) and macrophages (Figure 4 

panel A), compared to PBS-treated mice. In parallel, there was an increase in CD3+ T cells 

(Figure 6, panels A and B) suggestive of T cell proliferation after priming by antigen presenting 

cells.  
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Safety profiles of R-DPT and combination R-PDT +  ∝PD-1 

Given the systemic immune activation induced by R-PDT and potential for immune-related 

adverse events with the addition of ∝PD-1 to R-PDT, we investigated the safety of R-PDT and 

combination R-PDT +  ∝PD-1 relative to monotherapy ∝PD-1 and PBS treatment. Relative to 

∝PD-1 and PBS-treated mice, treatment with R-PDT resulted in a similar infiltration of CD4+ 

and CD8+ T cells in into critical organs, such as the brain, colon, heart, kidney, liver, and lungs 

(Figures 8 and 9). Likewise, combination R-PDT +  ∝PD-1 had no difference in CD4+ and 

CD8+ T cell infiltration in the brain, colon, heart, kidney, liver, and lungs, compared to ∝PD-1 

and PBS. Moreover, no differences in CD4+ and CD8+ T cell infiltration were detected between 

R-PDT and combination R-PDT +  ∝PD-1 in the aforementioned organs. Therefore, the addition 

of ∝PD-1 may not induce additional cytotoxicities over R-PDT, and the likelihood of immune-

related adverse events in these major organs after R-PDT and combination R-PDT+  ∝PD-1 may 

be low.  

 

Relative to mice treated with PBS, there was reduced serum glucose after R-PDT and 

combination R-PDT+ ∝PD-1, which was accompanied by a reduction in serum amylase that 

breaks down starches to glucose (Figure 10, panels J and K). After R-PDT and combination R-

PDT+  ∝PD-1, we observed that liver function may be altered, as there was a decline in serum 

alkaline phosphatase relative to PBS-treated mice (Figure 10, panel C), while total bilirubin and 

alanine aminotransferase levels were similar across treatment groups (Figure 10, panel A and B). 

After R-PDT, kidney function appeared normal, as blood urea nitrogen and creatinine, serum 

phosphorus and potassium were also similar across groups (Figure 10, panel D and E). However, 

for combination R-PDT+  ∝PD-1 treated mice, there were increases in serum phosphorus and 

potassium (Figure 10, panels F and G). Taken together with the non-different calcium and 

creatinine levels, this rise in phosphorus and potassium is consistent with mild laboratory tumor 

cell lysis syndrome37.  Accordingly, R-PDT appears to be well-tolerated and may have fewer 

side effects compared to combination R-PDT+ ∝PD-1.  

 

Here, we aimed to provide a broader framework to show the crosstalk between various immune 

cells after R-PDT and combination R-PDT+ ∝PD-1 across the spleen, non-irradiated tumor-

draining lymph node, and distal non-irradiated tumor, and blood. Moreover, we showed a 

promising safety profile for R-PDT. However, the following limitations are noted: first, we 

examined one timepoint after R-PDT; additional, longitudinal assessments may reveal other 

differences between treatment groups. Second, there are likely to be differences in in vivo 

immune responses, depending on the photosensitizer type, dosage, and fluence2,60–62, as 

differences amongst these parameters can affect the degree by which immunogenic cell death 

and subsequent immune activation is initiated. Third, there may be differences in immune 

crosstalk that underlie the abscopal effect in different tumor models. Tumors have been classified 

as immunologically “cold” or “hot” based on their degree of CD3+ and CD8+ T cell 

infiltration63. In hot tumors, we anticipate that the systemic antigen presentation induced by R-

PDT could potentiate and increase the magnitude of T cell cytotoxicity against non-irradiated 

tumors, boosting the abscopal effect.  

 

While monotherapy photodynamic therapy and monotherapy immune checkpoint blockade are 

approved to treat various tumors, there is presently a dearth of clinical trials that evaluate the 

safety and efficacy of combination photodynamic therapy and ∝PD-1. From a search on 
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clinicaltrials.gov, there is currently one such clinical trial, which evaluates toxicities after a 

single round of 5-aminolevulinic acid (5-ALA) mediated intrapleural photodynamic therapy in 

combination with nivolumab for individuals with mesothelioma. If R-PDT alone, or in 

combination with immune checkpoint blockade is effective in generating an abscopal effect, both 

could be a great option for patients ineligible for surgery. Compared to standard therapies such as 

chemotherapy and radiotherapy, R-PDT alone or combination PDT with immune checkpoint 

blockade is advantageous in that both treatments are minimally invasive, and can help control 

distant tumors, while potentially generating immune memory and preventing recurrences. 

Understanding the mechanisms by which the abscopal effect can occur and the safety of 

combination therapy can facilitate the clinical translation of combination PDT with immune 

checkpoint blockade. Our findings suggest that the abscopal effect involves: 1) the release of 

calreticulin, a DAMP, from the irradiated tumor19, 2) activation of innate immune system such as 

IL-6 which triggers downstream immunity, 3) antigen-presentation at the spleen by red pulp 

macrophages and dendritic cells to CD4+ T cells, which subsequently emigrate, and antigen 

presentation at the lymph nodes by dendritic cells to CD8+ T cells. Promisingly, after R-PDT 

and combination R-PDT + ∝-PDT, we did not observe major toxicities of concern.  

 

However, further investigations into different photosensitizer types, treatment schedules, and 

tumor models are warranted, to determine how these factors affect the immune response 

underlying the abscopal effect and corresponding safety profile. As our understanding of how 

PDT systemically induces the abscopal effect improves, we will advance the utility of PDT as a 

treatment for advanced, disseminated tumors. 
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Figures 

 
Figure 1. Overview of the mechanisms of the abscopal effect.  
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Figure 2.  Overview of study. Our previously published work showed that porphyrin lipoprotein 

(PLP) mediated PDT can induce the abscopal effect, when performed four times. Dual 

subcutaneous AE17-OVA+ tumor bearing mice were treated with four cycles of PBS, PLP (4 

mg/kg), laser irradiation at 50 J/cm2, or PDT (PLP + laser). In (A), tumor volumes for irradiated, 

left tumors and non-irradiated right tumors are shown on the left and right, respectively. In (B), 

the survival of mice that were treated with four cycles of PBS, αPD-1 antibody (12 mg/kg), PDT 

(PLP at 4 mg/kg), or combination αPD-1 antibody (12 mg/kg) and PDT (PLP at 4 mg/kg) are 

shown. Data are mean ± standard deviation. Statistical significance of the survival of mice was 

determined using a one-way ANOVA, followed by a post hoc Tukey test (n = 5, **p < 0.01, 

***p < 0.001). Reproduced with permission from Lou et al. Nanophotonics 2021.  The present 

study to evaluate the immune mechanisms underlying the abscopal effect with and without 

immune checkpoint inhibitor is outlined in (C). Dual subcutaneous AE17-OVA mesothelioma 

tumor bearing female mice received one of four treatments: phosphate buffered saline (PBS), 

anti-PD-1 monoclonal antibody (∝PD-1), repeated photodynamic therapy (R-PDT), or 

combination R-PDT + ∝PD-1, as per the illustrated treatment schedule. On Day 11, mice were 

sacrificed and the right, non-irradiated tumor, spleen, and non-irradiated tumor draining lymph 

nodes were dissected for analysis of several immune cell populations. Serum was obtained to 

evaluate cytokines, chemokines, as well as liver and kidney enzymes and electrolytes.  
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Figure 3. Activation of the innate immune system after repeated photodynamic therapy (R-PDT) 

and combination R-PDT + anti-PD-1 monoclonal antibody (∝PD-1). Serum was obtained from 
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mice after treatment with either phosphate buffered saline (PBS), ∝PD-1, R-PDT, or 

combination R-PDT + ∝PD-1 (n=5 per group). Levels of IL-6 (A), albumin (B), globulins (C) 

were quantified. Serum levels of IL-1 (D), CXCL5 (E), and MIP-2 (F) were also investigated. 

Flow cytometry was performed to assess the frequency of NK1.1+ cells in the non-irradiated 

tumor (non-irrad Tumor) (G), spleen (H), and non-irradiated tumor draining lymph nodes (non-

irrad tdLN) (I). For statistical analyses, a one-way ANOVA was performed, with a post-hoc 

Tukey test to differentiate significant differences between treatment groups. * denotes p<0.05, ** 

denotes p <0.01, *** denotes p <0.001, **** denotes p < 0.0001. 
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Figure 4. Macrophage populations upregulate costimulatory molecules after repeated 

photodynamic therapy (R-PDT) and combination R-PDT + anti-PD-1 monoclonal antibody 

(∝PD-1) treatment. Flow cytometry was employed to quantify myeloid cell populations after 

mice were treated with phosphate buffered saline (PBS), ∝PD-1 (12 mg/kg), R-PDT (4 mg/kg 

PLP), or R-PDT + ∝PD-1 (12 mg/kg ∝-PD-1 and 4 mg/kg PLP; n=5 per group). F4/80+CD11b+ 

macrophages in the non-irradiated tumor (non-irrad tumor) (A) and spleen (B) are shown. 

F4/80+ CD11cint myeloid cells, some of which comprise red pulp macrophages in the spleen (C) 

and their corresponding levels of MHC class II expression (D) are displayed. Representative 

histograms of CD80 and CD86 expression on F4/80+CD11cint from one mouse per group and the 

group summary are shown in (E) and (F), respectively. In the non-irradiated tumor draining 

lymph nodes (non-irrad tdLN), populations of F4/80-CD11b+ myeloid cells after treatment are 

displayed in the representative flow plots and group summary in (G). MHC class II expression of 

F4/80-CD11b+ myeloid cells are shown in (H). For statistical analyses, a one-way ANOVA was 

performed, with a post-hoc Tukey test to differentiate significant differences between treatment 

groups. * denotes p<0.05, ** denotes p <0.01, *** denotes p <0.001, **** denotes p < 0.0001. 
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Figure 5. Dendritic cells upregulate costimulatory molecules after repeated photodynamic 

therapy (R-PDT) and combination R-PDT + anti-PD-1 monoclonal antibody (∝PD-1) treatment, 

indicative of T cell priming. To quantify dendritic cells in the non-irradiated tumor (non-irrad 
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tumor), spleen, and non-irradiated tumor draining lymph nodes (non-irrad tdLN), flow cytometry 

was performed on organs after dissection from mice treated with phosphate buffered saline 

(PBS), ∝PD-1 (12 mg/kg), R-PDT (4 mg/kg PLP), or R-PDT + ∝PD-1 (12 mg/kg ∝PD-1 and 4 

mg/kg PLP; n=5 per group). CD11c+MHC class II+ dendritic cells from the non-irrad tumor are 

presented in (A), alongside their expression of costimulatory molecules, CD80 (B) and CD86 

(C). Splenic CD11c+MHC class II+ dendritic cells are shown in (D). Representative histograms 

of CD80 and CD86 expression on splenic CD11c+MHC class II+ dendritic cells from one mouse 

per group and the group summary are shown in (E) and (F), respectively. In the non-irrad tdLN, 

populations of CD11c+MHC class II+ dendritic cells after treatment are displayed in the 

representative flow plots and group summary in (G). For statistical analyses, a one-way ANOVA 

was performed, with a post-hoc Tukey test to differentiate significant differences between 

treatment groups. * denotes p<0.05, ** denotes p <0.01, *** denotes p <0.001, **** denotes p < 

0.0001. 
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Figure 6. CD3+ T cell populations are altered after repeated photodynamic therapy (R-PDT) and 

combination R-PDT + anti-PD-1 monoclonal antibody (∝PD-1) across the non-irradiated tumor 

(non-irrad tumor), spleen, and non-irradiated tumor draining lymph node (non-irrad tdLN). Flow 

cytometry was performed to quantify CD3+, CD4+, and CD8+ T-cell populations in mice treated 

with PBS, ∝PD-1 (12 mg/kg), R-PDT (4 mg/kg PLP), or R-PDT + ∝PD-1 (12 mg/kg ∝-PD-1 

and 4 mg/kg PLP; n=5 per group). Representative dot plots of CD3+ T cells in the non-irrad 

tumor for mice with the different treatment groups and the group summary are shown in (A) and 

(B), respectively. CD4+ and CD8+ T cells in the non-irrad tumor are displayed in (C) and (D), 

respectively. For CD3+ T cells in the spleen, representative dot plots for the four treatment 

groups are shown in (E) and summarized for the group in (F).  CD4+ and CD8+ T cells in the 

spleen are displayed in (G) and (H), respectively. Representative dot plots for CD4+ and CD8+ T 

cells in the non-irrad tdLN from mice receiving the different treatments are shown in (I). CD3+, 

CD4+, and CD8+ T cells from the non-irrad tdLN are summarized in (J), (K), and (L), 

respectively. For statistical analyses, a one-way ANOVA was performed, with a post-hoc Tukey 

test to differentiate significant differences between treatment groups. * denotes p<0.05, ** 

denotes p <0.01, *** denotes p <0.001, **** denotes p < 0.0001. 
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Figure 7. Repeated photodynamic therapy (R-PDT) and combination R-PDT + anti-PD-1 

monoclonal antibody (∝PD-1) shift CD4+ T cell subsets in the spleen and non-irradiated tumor 

draining lymph nodes (non-irrad tdLN). To assess CD4+ T cell subsets, flow cytometry was 
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performed on the spleen and non-irrad tdLN from mice treated with either PBS, ∝PD-1 (12 

mg/kg), R-PDT (4 mg/kg PLP), or R-PDT + ∝PD-1 (12 mg/kg ∝PD-1 and 4 mg/kg PLP; n=5 

per group). For the spleen, representative dot plots of CD62L+ and CD44+ T cells, gated on 

CD3+ and CD4+ T cells, are displayed in (A). Splenic CD4+ CD44-CD62L+ naïve, 

CD44+CD62L+ central memory, and CD44+CD62L- effector memory T cells are quantified in 

(B), (C), and (D), respectively. For the non-irrad tdLN, representative dot plots of CD62L+ and 

CD44+ T cells, gated on CD3+ and CD4+ T cells, are displayed in (E). CD44-CD62L+ naïve, 

CD44+CD62L+ central memory, and CD44+CD62L- effector memory T cells are quantified in 

(F), (G), and (D=H), respectively. For statistical analyses, a one-way ANOVA was performed, 

with a post-hoc Tukey test to differentiate significant differences between treatment groups. * 

denotes p<0.05, ** denotes p <0.01, *** denotes p <0.001, **** denotes p < 0.0001. 
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Figure 8. CD4+ T cell infiltration in major organs of mice did not differ after treatment with 

PBS
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repeated photodynamic therapy (R-PDT) and combination R-PDT + anti-PD-1 monoclonal 

antibody (∝PD-1) relative to saline-treated mice.  

Mice were treated with phosphate buffered saline (PBS), ∝PD-1 (12 mg/kg), R-PDT (4 mg/kg 

PLP), or R-PDT + ∝PD-1 (12 mg/kg ∝PD-1 and 4 mg/kg PLP; n=5 per group). CD4+ staining 

was performed on the brain, colon, heart, kidney, liver, and lungs after treatment. Representative 

images for these organs are shown for each treatment group. Scale bars represent 100 μm.  
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Figure 9. Similar CD8+ T cell infiltration in major organs of mice after treatment with repeated 

photodynamic therapy (R-PDT) and combination R-PDT + anti-PD-1 monoclonal antibody 
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(∝PD-1), relative to treatment with saline. Mice were treated with phosphate buffered saline 

(PBS), ∝PD-1 (12 mg/kg), R-PDT (4 mg/kg PLP), or R-PDT + ∝PD-1 (12 mg/kg ∝PD-1 and 4 

mg/kg PLP; n=5 per group). After treatment, the brain, colon, heart, kidney, liver, and lungs 

were excised and processed for histology. Representative images for these organs stained for 

CD8 are shown for each treatment group. Scale bars represent 100 μm.  
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Figure 10. Minor alterations to liver and kidney function after repeated photodynamic therapy 

(R-PDT) and combination R-PDT + anti-PD-1 monoclonal antibody (∝PD-1). Serum was 

obtained from mice after treatment with either phosphate buffered saline (PBS), ∝PD-1 (12 
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mg/kg), R-PDT (4 mg/kg PLP), or R-PDT + ∝PD-1 (12 mg/kg ∝PD-1 and 4 mg/kg PLP; n=5 

per group).  Liver enzymes, including total bilirubin (A), alanine aminotransferase (B), and 

alkaline phosphatase (C) were quantified. Indicators of kidney function, such as blood urea 

nitrogen (D), creatinine (E), potassium (F), calcium (G), sodium (H), and phosphorus (I) were 

assessed. Levels of glucose (J) and amylase (K) were also investigated. Body weights of mice 

were measured (L). For statistical analyses, a one-way ANOVA was performed, with a post-hoc 

Tukey test to differentiate significant differences between treatment groups. * denotes p<0.05, ** 

denotes p <0.01, *** denotes p <0.001, **** denotes p < 0.0001. 

 

 

 



 42 

 
Figure 11. Hematoxylin and eosin staining of the brain, colon, heart, kidney, liver, and lungs of 

mice after treatment with phosphate buffered saline (PBS), anti-PD-1 monoclonal antibody 
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(∝PD-1), repeated photodynamic therapy (R-PDT), or combination R-PDT + ∝PD-1.  Dual 

subcutaneous AE17-OVA+ tumor bearing mice received PBS, αPD-1 (12 mg/kg), PDT (PLP at 

4 mg/kg), or combination αPD-1 antibody (12 mg/kg) and R-PDT (PLP at 4 mg/kg) four times. 

Scale bars represent 100 μm.  
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Figure 12. Overview of the immune crosstalk after repeated photodynamic therapy (R-PDT), 

which mediates a delay in distal, non-irradiated tumor growth.   
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Supplementary Figure 1. Multiple serum cytokines were similar between treatment groups. Mice 

were treated with phosphate buffered saline (PBS), anti-PD-1 monoclonal antibody (∝PD-1; 12 

mg/kg), repeated photodynamic therapy (R-PDT; 4 mg/kg PLP), or combination R-PDT + ∝PD-
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1 (12 mg/kg ∝PD-1 and 4 mg/kg PLP; n=5 per group). Serum was collected and cytokines were 

assessed via fluorescence multiplexing. Various cytokines, such as GM-CSF (A), IFN-g (B), IL-

1b (C), IL-2 (D), IL-4 (E), IL-5 (F), IL-7 (G), IL-10 (H), IL-12p70 (I), IL-13 (J), IL-17A (K), 

and TNF-a (L), were quantified.  
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Supplementary Figure 2. Serum chemokines, KC and MCP-1, did not differ after repeated 

photodynamic therapy (R-PDT) and combination R-PDT + ∝PD-1. Mice were treated with 

phosphate buffered saline (PBS), anti-PD-1 monoclonal antibody (∝PD-1; 12 mg/kg), repeated 

photodynamic therapy (R-PDT; 4 mg/kg PLP), or combination R-PDT + ∝PD-1 (12 mg/kg 

∝PD-1 and 4 mg/kg PLP; n=5 per group). Serum was collected and chemokines were assessed 

via fluorescence multiplexing. 
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Supplementary Figure 3. Maturation and costimulatory markers on myeloid cells in the non-

irradiated tumor and non-irradiated tumor-draining lymph nodes. Flow cytometry was used to 

assess the upregulation of MHC class II, CD80, and CD86 molecules on myeloid cells in the 

non-irradiated tumor (non-irrad tumor) and non-irradiated tumor-draining lymph nodes (non-

irrad tdLN), after mice were treated with phosphate buffered saline (PBS), anti-PD-1 monoclonal 

antibody (∝PD-1; 12 mg/kg), repeated photodynamic therapy (R-PDT; 4 mg/kg PLP), or R-PDT 

+ ∝PD-1 (12 mg/kg ∝-PD-1 and 4 mg/kg PLP; n=5 per group). For F4/80+CD11b+ 

macrophages in the tumor, expression of MHC class II molecules, CD80, and CD86 molecules 

are shown in (A), (B), and (C), respectively. Levels of CD80 and CD86 for F4/80-CD11b+ 

myeloid cells in the non-irrad tdLN are summarized in (D) and (E), respectively. The expression 

of MHC class II, CD80, and CD86 molecules on nodal F4/80+CD11b+ myeloid cells are 

displayed in (F), (G), and (H), respectively.  
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Supplementary Figure 4. Expression of costimulatory molecules on dendritic cells in the non-

irradiated tumor-draining lymph nodes are similar between treatment groups. Flow cytometry 

was used to assess the upregulation of CD80 and CD86 molecules on dendritic cells in non-

irradiated tumor-draining lymph nodes, after mice were treated with phosphate buffered saline 

(PBS), anti-PD-1 monoclonal antibody (∝PD-1; 12 mg/kg), repeated photodynamic therapy (R-

PDT; 4 mg/kg PLP), or R-PDT + ∝PD-1 (12 mg/kg ∝-PD-1 and 4 mg/kg PLP; n=5 per group). 

Expression of CD80 and CD86 molecules are shown in (A) and (B), respectively. 
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Supplementary Figure 5. CD8+ T cell subsets in the non-irradiated tumor, spleen, and non-

irradiated tumor-draining lymph nodes are largely similar across treatment groups. To assess 

CD8+ T cell subsets, flow cytometry was performed on the non-irradiated tumor (non-irrad 

tumor), spleen, and non-irradiated tumor draining lymph nodes (non-irrad tdLN) of mice treated 

with either phosphate buffered saline (PBS), anti-PD-1 monoclonal antibody (∝PD-1; 12 
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mg/kg), repeated photodynamic therapy (R-PDT; 4 mg/kg PLP), or R-PDT + ∝PD-1 (12 mg/kg 

∝-PD-1 and 4 mg/kg PLP; n=4-5 per group). CD8+ CD44-CD62L+ naïve, CD44+CD62L+ 

central memory, and CD44+CD62L- effector memory T cells from the non-irrad tumor are 

quantified in (A), (B), and (C), respectively. Splenic CD44-CD62L+ naïve, CD44+CD62L+ 

central memory, and CD44+CD62L- effector memory T cells are displayed in (D), (E), and (F), 

respectively. For the non-irrad tdLN, CD44-CD62L+ naïve, CD44+CD62L+ central memory, 

and CD44+CD62L- effector memory T cells are displayed in (G), (H), and (I), respectively. 
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Supplementary Figure 6. CD4+ T cell subsets in the tumor are similar between treatment groups. 

To assess CD4+ T cell subsets, flow cytometry was performed on the non-irradiated tumor of 

mice treated with either phosphate buffered saline (PBS), anti-PD-1 monoclonal antibody (∝PD-

1; 12 mg/kg), repeated photodynamic therapy (R-PDT; 4 mg/kg PLP), or R-PDT + ∝PD-1 (12 

mg/kg ∝-PD-1 and 4 mg/kg PLP; n=4-5 per group). CD4+ CD44-CD62L+ naïve, 

CD44+CD62L+ central memory,  CD44+CD62L- effector memory T cells, and CD25+CD127 

Tregs are quantified in (A), (B), (C), and (D), respectively. 

 

 


