
SUPPLEMENTARY METHODS: 

 

Cell culture 

Murine mammary adenocarcinoma cell lines, E0771 (CRL-3461), JC (CRL-2166) and 4T1 (CRL-2539), 

and murine mammary epithelial cell line MM3MG (CRL-6376) were purchased from ATCC (Manassas, 

VA). E0771 cells were lentivirally transfected with ovalbumin (E0771-OVA). MM3MG-HER2 cells 

were established from MM3MG cells as described in (26). JC-HER3 cells were established by lentiviral 

transfection of HER3 to JC cell line (27). 4T1-HER2 and 4T1-HER3 cells were also established for the 

use in Cell-based ELISA by lentiviral transfection. HER2 or HER3-positive transfected cells were sorted 

by flow cytometry and used for in vitro and in vivo experiments. Breast cancer cells were maintained in 

DMEM medium supplemented with 10      -                                         

                           3                                               2. Cell lines were screened 

for rodent pathogens at Duke Division of Laboratory Animal Resources (DLAR) Veterinary Diagnostic 

Laboratory prior to use in animal experiments. 

 

Reagents and antibodies 

HS201, a novel photosensitizer made of Verteporfin (VP) (Novartis Pharmaceuticals Corp., Basel, 

Switzerland) tethered to an Hsp90 small molecule inhibitor (HS10), was used for in vitro and in vivo 

imaging and photodynamic therapy (PDT). HS201 was developed and supplied by Haystead Lab 

(Department of Pharmacology and Cancer Biology, Duke University) as previously described (28). 

Anti-PD-L1 antibody (clone; 10F.9G2) was purchased from Bio X cell (New Hampshire USA) and used 

for animal treatment. Annexin V-APC was purchased from BD Biosciences (California USA) and 7-

AAD from Beckman Coulter Inc. (California, USA). FITC conjugated anti-CD11b (clone M1/70), PE-
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Cy7 conjugated anti-CD8b (clone YTS156.7.7), BV421 conjugated anti-CD25 (clone PC61), APC 

conjugated anti-PD-1 and anti-Ly6G (clone RMP1-30 and 1A8, respectively), PE conjugated anti-FoxP3 

and anti-F4/80 (clone MF-14 and BM8, respectively), PerCP-Cy5.5 conjugated anti-CD45 (clone 30-

F11), and APC-Cy7 conjugated anti-CD4 (clone GK1.5) antibodies were purchased from BioLegend 

(London, UK). LIVE/DEAD Fixable Aqua Dead Cell Stain Kit and PE eFluor 610 conjugated anti-

CD49b antibody were purchased from Thermo Fisher Scientific (Massachusetts, USA). Secondary 

antibodies (goat anti-mouse IgG, goat anti-rabbit IgG, and donkey anti-mouse IgG antibodies) 

conjugated with near infrared dye, IRDye 800CW, were purchased from LI-COR Inc. (Nebraska, USA). 

 

Mice 

Inbred BALB/c and C57BL6 mice were purchased from Jackson Laboratory, Inc. Bar Harbor USA. 

Inbred SCID Beige mice were purchased from Taconic Biosciences, Inc. New York USA, and bred at 

Duke University Cancer Center Isolation Facility (CCIF). Human HER3 transgenic mice were generated 

as previously described (27) and maintained at CCIF. In Duke CCIF, species-specific heat and humidity 

are maintained within the parameters outlined in The Guide for the Care and Use of Laboratory 

Animals. Mice are fed a standard laboratory diet and are housed in micro-isolated caging on enrich-o-

corn cob bedding that is changed every two weeks. Mice are maintained as group housing of up to 5 

mice per cage. Environmental enrichment for singly housed mice were provided for mice in survival 

analysis. All animal studies described were approved by the Duke University Medical Center 

Institutional Animal Care & Use Committee and the US Army Medical Research and Materiel 

Command (USAMRMC) Animal Care and Use Review Office (ACURO) and performed in accordance 

with guidelines published by the Commission on Life Sciences of the National Research Council. 
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Flow Cytometry analysis 

For the analysis of tumor infiltrating lymphocytes, tumors were minced with surgical blade and digested 

with triple enzyme buffer (type III collagenase, hyarulonidase, DNase) for 1.5 h    3   . Cells were 

washed with PBS, stained with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Thermo Fisher 

Scientific, Rockford, IL, USA), and separated into two groups, intracellular stain and surface stain 

groups. For the intracellular stain group, cells were also stained with FITC conjugated anti-CD11b, PE-

Cy7 conjugated anti-CD8b, BV421 conjugated anti-CD25, APC conjugated anti-PD-1, PerCP-Cy5.5 

conjugated anti-CD45, and APC-Cy7 conjugated anti-CD4 antibodies for 30 minutes in dark. Then the 

cells were washed with 1% BSA-PBS, permeabilized using Intracellular Fixation & Permeabilization 

Buffer Kit (Thermo Fisher Science, Massachusetts, USA), stained with PE conjugated anti-FoxP3 

antibody for 30 minutes in dark, washed with permeabilization buffer, and resuspended in Flow 

Cytometry Staining Buffer (Thermo Fisher Science, Massachusetts, USA). For the surface stain group, 

cells were stained with FITC conjugated anti-CD11b, PE conjugated anti-F4/80, PerCP-Cy5.5 

conjugated anti-CD45, PE eFluor 610 conjugated anti-CD49b, BV421 conjugated anti-Ly6C, and APC 

conjugated anti-Ly6G antibodies for 30 minutes in dark, washed and resuspended with 1%BSA-PBS. 

Cells were acquired by LSRII flow cytometer (BD Biosciences, San Jose, CA) and analyzed by FlowJo 

software IX (BD Biosciences). Red laser (633 nm wavelength) was used for excitation and signals were 

detected with filter 710/50 nm.  

 

 

Photodynamic therapy 

Breast cancer cells (1 × 10
6
 cells /mouse) were injected into the right flank of female mice. For bilateral 

tumor implantation models, E0771 cells or MM3MG-HER2 cells were implanted bilaterally to the flank 

of C57BL/6 mice or BALB/c mice (Rt: 1 x 10
6
 cells/mouse, Lt: 5 x 10

5
 cells/mouse). Tumors in right 
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flank were treated with/without HS201-PDT 6 days (E0771) or 7 days (MM3MG-HER2) after tumor 

cell implantation, and tumors in left flank were left untreated. After the tumor size of the right flank 

reached 6mm in diameter, PDT was performed as we previously reported (28). First, HS201 

(25nmol/mouse) was administered via tail vein injection. Six hours after the injection of photosensitizer, 

laser at a wavelength of 690nm was irradiated to the tumors at the dose of 120 J/cm
2
 (500 mW/cm

2
/4 

min) using medical laser system ML7710 (Modulight, Inc., Tampere, Finland). The laser irradiation was 

repeated at 24 h after the injection of HS201 as previously reported (28). In vivo imaging was performed 

in the same way as described above. For the combination treatment of HS201-PDT and anti-PD-L1 

antibody, anti-PD-L1 (250 µg/mouse) was intraperitoneally administered on the day of HS201-PDT 

(day 0) and on days 3, 7 and 10. Tumor size was monitored by caliper measurement twice a week. 

Tumor volume was calculated as follows; tumor volume (mm
3
) = width (mm) × width (mm) × length 

(mm) / 2. Sample sizes in each experiment are shown in the table below. Mice were euthanized once 

their tumor volume reached humane endpoints (>2,000 mm
3
) according to IACUC approved protocol. If 

the tumor volume is not reaching humane endpoints, mice were euthanized on the scheduled termination 

day of the experiments.  

 

Sample Sizes for Each Animal Experiment 

 
Figure 

No. 

Exp 

No. 

Tumor/Mouse Strain 

Number of Mice per Group 

Sample Sizes 

Total 

Mouse 

Number 

Figures 

1B & 

1C 

Exp.1 E0771 cells, SCID-beige mice 

Mouse: No treatment: 8, Laser alone: 8, HS201 alone: 8, HS201-PDT: 5 

29 

Figures 

2A & 

2B 

Exp.2 E0771 cells, C57BL/6 mice 

Mouse: No treatment: 8, HS201-PDT: 8 

16 
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Figures 

2C & 

2D 

Exp.3 E0771 cells, C57BL/6 mice 

Mouse: No treatment: 8, HS201-PDT: 8 

 

Sample Sizes (collected on day 10):  

2C spleen - No treatment: 8, HS201-PDT: 8 

2D serum - No treatment: 8, HS201-PDT: 6 

16 

Figure 

2E 

Exp.4 E0771 cells, C57BL/6 mice 

Mouse: No treatment: 5 mice, HS201-PDT: 3 mice 

 

Sample Sizes (collected on day 3):  

2E TILs - No treatment: 5, HS201-PDT: 3 

8 

Figure 

2F 

Exp.5 E0771 cells, C57BL/6 mice 

Mouse: No treatment: 10, HS201-PDT: 10 

20 

Figures 

3A-3C 

Exp.6 E0771 cells, C57BL/6 mice 

Mouse: No treatment: 8, Anti-PD-L1: 8, HS201-PDT: 8, Combination: 8. 

32 

Figures 

3D-3G 

Exp.7 

+  

Exp.8 

MM3MG-HER2 cells, BALB/c mice 

Mouse: No treatment: 8, Anti-PD-L1: 8, HS201-PDT: 8, Combination: 8.  

Additional Exp.8: 3 mice for each group 

 

Sample Sizes (collected on day 7, 2 exps combined for 3G): 

3E spleen (No treatment: 8, Anti-PD-L1: 8, HS201-PDT: 8, Combination: 8) 

3F tissue section (No treatment: 8, Anti-PD-L1: 7, HS201-PDT: 8, 

Combination: 8) 

3G serum (No treatment: 8, Anti-PD-L1: 8, HS201-PDT: 8, Combination: 9) 

32 

+ 

12 

Figure 

3H 

Exp.9 MM3MG-HER2 cells, BALB/c mice 

Mouse: Cured 8 mice, naïve 9 mice. 

17 

Figures 

6A-6C 

Exp.7 MM3MG-HER2 cells, BALB/c mice (the same experiment with Figure 3D-G) 

Mouse: No treatment: 8, Anti-PD-L1: 8, HS201-PDT: 8, Combination: 8.  

 

Sample Sizes (collected on day 7):  

6A & 6B LN cells (No treatment: 3, Anti-PD-L1: 3, HS201-PDT: 3, 

Combination: 5) 

6C spleen (No treatment: 4, Anti-PD-L1: 4, HS201-PDT: 4, Combination: 5) 

(32) 

Figures 

7A-7C 

Exp.10 MM3MG-HER2 cells, BALB/c mice 

Mouse: No treatment: 8, Anti-PD-L1: 8, HS201-PDT: 8, Combination: 8.  

 

Sample Sizes (collected on day 7):  

7C tissue section (No treatment: 8, Anti-PD-L1: 8, HS201-PDT: 8, 

Combination: 8) 

32 

    

Suppl 

Figure 2 

Exp.11 E0771 cells, C57BL/6 mice 

Mouse: HS201: 4, Control: 4 

8 

Suppl 

Figure 3 

Exp.12 JC-HER3 cells, HER3 Tg mice 

Mouse: No treatment: 8, Anti-PD-L1: 8, HS201-PDT: 8, Combination: 8.  

 

Sample Sizes (collected on day 19):  

3B spleen (No treatment: 8, Anti-PD-L1: 8, HS201-PDT: 8, Combination: 8) 

3C serum (No treatment: 5, Anti-PD-L1: 5, HS201-PDT: 5, Combination: 5) 

32 
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IFN-γ ELISPOT 

Mouse IFN-γ ELI P T         M       I  ., Cincinnati, OH) were done according to the 

manufacturer's instructions. Briefly, Splenocytes (500,000 cells/well) were incubated in RPMI-1640 

medium (Thermo Fisher Scientific) supplemented with 10 % fetal bovine serum and overlapping HER2 

or HER3 mixed peptides (intracellular domain and extracellular + transmembrane domain, JPT Peptide 

Technologies, Berlin, Germany) were used to detect anti-HER2 or anti-HER3 cellular immune 

responses respectively. OVA257-264 (SIINFEKL) peptide was used to detect anti-OVA cellular 

responses. HIV peptide mix (BD Bioscience) was used as a negative control, and a mixture of PMA (50 

ng/mL) and Ionomycin (1 g/mL) as a positive control of the assay. Membranes were read with a high-

resolution automated ELISpot reader system (Carl Zeiss, Inc., Thornwood, NY, USA) using the KS 

ELISpot version 4.2 software. ELISPOT count obtained from splenocytes without stimulating antigen 

was subtracted from the other ELISPOT counts as a background.  

 

Antibody detection in serum 

The amount of serum antibodies specific to the target antigen were assessed by either ELISA (OVA) or 

cell-based ELISA (HER2 and HER3). Briefly, ELISA for anti-OVA antibodies in serum was performed 

        w               .      ,  VA         w           2. μ   0µL w     to high-protein binding 

plates (Immulon 4HBX, Thermo Scientific, Massachusetts, USA) at 37°C overnight. Then the plates 

w    w              k      200μL 1    A P      37°C     1     .       μL                   1: 0    

1:6400 in 1% BSA/PBS) were added to each well, incubated at 37°C for 1 hour, and washed. Then 50ul 

of HRP-conjugated goat anti-mouse IgG (1:2000) were added and incubated at 37°C for 1 h. After 

washing with PBS, 50ul of TMB substrate were added and incubated at room temperature for 15 min, 
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and 50ul of 1M H2SO4 was added to stop the reaction. Absorbance at 450 nm was read using a Bio-Rad 

Microplate Reader (Model 680, Bio-Rad, Hercules, CA). Cell-based ELISA was performed as follows. 

Breast cancer cells (4T1-HER2, 4T1-HER3, or parental 4T1) were seeded in 96-well black plates with 

clear bottom (10,000 cells /well),              MEM       w    10         3     until the cells get 

sub-confluent. Cells were incubated with diluted mouse serum (1:50 – 1:6400) for 1 h on ice, washed 

with PBS, fixed with 1% formalin-1% BSA-PBS at room temperature for 20 min, and washed twice 

with PBS. IRDye 800CW Donkey anti-mouse IgG antibody (1:2000 in 1%BSA-PBS, LI-COR 

Biosciences, Lincoln, NE) was added to each well, incubated at room temperature for 1 h in the dark. 

After three times wash with PBS, plates were analyzed using LI-COR ODYSSEY imager (LI-COR, Inc. 

Nebraska USA) at 800nm channel to measure fluorescence intensity.  

 

Immunohistochemistry 

Harvested tumors were soon fixed with 10% neutral buffered formalin. Formalin-fixed paraffin 

embedded tissues were cut into 4 µm sections and stained with anti-CD4 (1:100, D7D2Z, Cell Signaling 

Technology, Danvers, MA) or anti-CD8 mAb (1:400, D4W2Z, Cell Signaling) by the HRP method, 

followed by standard chromogenic immunohistochemistry protocol. Antigen retrieval was performed 

with Citrate Unmasking Solution (Cell Signaling). Before incubation with HRP (Histofine Simple Stain 

Mouse MAX PO (R), Nichirei Biosciences Inc., Tokyo, Japan), DAB Substrate Kit (Vector Labs, 

Burlingame, CA) was used for visualization of signal. Isotype-matched rabbit IgG was used as a 

negative staining control. Sections were counter stained with Hematoxylin and Eosin. Stained slides 

were scanned on a DP80 microscope (OLYMPUS, Tokyo, Japan) and digital images were viewed using 

cellSens (OLYMPUS). CD4+ T cells and CD8+ T cells were counted in randomly selected 5 different 

high-power fields (HPFs) to obtain an average number for each condition. 
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Single Cell RNA-Seq Analysis 

Single-cell suspensions enzymatically dissociated from untreated or treated tumors 7 days after 

treatment initiation were obtained as mentioned above. Red blood cells were lysed with Red Blood Cell 

Lysis buffer (Sigma R7757) for 5 min and stained with LIVE/DEAD™ Fixable Green Dead Cell Stain 

(ThermoFisher) and PerCP-Cy5.5 conjugated anti-CD45 antibody. The CD45+ leukocytes were sorted 

from the tumor digest suspensions by flow cytometry, and 10X libraries were created using Chromium 

Single Cell 5’ Library Construction Kits (v1.1) (10X Genomics, Pleasanton, CA) following 

manufacturer’s protocol. Both gene expression (GEX) and V(D)J enrichment libraries were created for 

each sample. Generated cDNA and final GEX/TCR libraries were quality checked using an Agilent 

Bioanalyzer 2100 and submitted to MedGenome Inc (Foster City, CA) for sequencing on a NovaSeq S4 

instrument. Fastq files from 10X library sequencing were processed using Partek® Genomics Suite® 

software (version 9.0.20, Copyright ©; 2018 Partek Inc). Sequences were aligned to the mm10 reference 

genome (STAR aligner 2.6.1) and UMI counts were deduplicated and filtered to include only barcodes 

that corresponded to a cell. To overcome the batch effects, we decided to integrate the data by treatment. 

Thus, UMI gene count matrices, which was generated for all individual treatment group in this study, 

were further processed in Seurat (version 4.0.6) (29). Transcripts for each treatment group were 

quantified and single cell counts were filtered to include cells with total reads between 200 – top 95th 

percentile; and top 95% percentile of the expressed genes; and a maximum of 10% mitochondrial reads. 

For each individual dataset, scores for S and G2/M cell cycle phases were computed based on previously 

defined gene sets using CellCycleScoring function. After log-normalizing (a global scaling-

normalization method that normalizes the gene expression values for each cell by the total expression, 

multiplies by a scale factor of 10,000 and log-transforms the results) individual datasets, data were 
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scaled after regressing out total number of UMI counts, percent mitochondrial gene expression and cell-

cycle phase in order to account for the variability in gene expression. Counts were normalized to counts 

per million and log2 transformed. We then rank genes by the number of datasets they appear in 

(breaking ties by the median rank across datasets) and picked top 5,000 genes that can be used for data 

integration. The first step in data integration as proposed by Seurat integration workflow includes 

        “       ”    w                     , w                   w                       w    

                . W       w         ’           -based integration workflow         “         ”       

FindIntegrationAnchors function and integrate all the datasets using IntegrateData function. Scaled z-

scores for each gene within the integrated data were calculated using ScaleData function, which were 

later used as input to principal component analysis (PCA). Variable TCR and immunoglobulin genes 

along with ribosomal and mitochondrial genes were removed from the list of variable genes to prevent 

clustering based on variable V(D)J transcripts, ribosomal and mitochondrial content. Clusters, identified 

using shared nearest neighbor (SNN)-based clustering on the basis of the first 30 principal components, 

were visualized using UMAP (30) plots using first 10 principal components, a minimum distance of 0.5 

and 75 nearest neighbors.  

 

To infer ligand receptor (LR) interactions between any two cell types, we interrogated a curated list of 

ligand-receptor pairs using CellChat (version 1.1.3] (31). CellChat infers cell-cell communication 

network by computing a communication probability value using law of mass action method. P values for 

each LR interaction were computed by interchanging the cell type labels and statistical significance was 

called at 5% FDR. Significant relationships were visualized using chord diagrams (circus plots) and 

heatmaps.  
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T                w                           ’           H) as follows; H = -∑               

S is the number of clones and P is the proportion of each clone within the repertoire. P = n (read count of 

each individual clone)/N (the sum of all reads in the repertoire) (32). T cell clonality was calculated as 

follows; clonality index = 1 – Shannon entropy/ln(N). N is the number of clonotypes for each sample. 
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