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ABSTRACT
Background We previously demonstrated potent 
antitumor activity against human breast cancer xenografts 
using photodynamic therapy (PDT) targeting a novel 
tumor- specific photosensitizer (HS201), which binds 
heat shock protein 90 (HS201- PDT). However, induction 
of systemic antitumor immunity by HS201- PDT alone or 
by the combination strategy with immune checkpoint 
blockade has yet to be determined.
Methods Using unilateral and bilateral implantation 
models of syngeneic breast tumors (E0771, MM3MG- 
HER2, and JC- HER3) in mice, we assessed whether 
HS201- PDT could induce local and systemic antitumor 
immunity. In an attempt to achieve a stronger abscopal 
effect for distant tumors, the combination strategy 
with anti- PD- L1 antibody was tested. Tumor- infiltrating 
leukocytes were analyzed by single cell RNA- sequencing 
and receptor- ligand interactome analysis to characterize in 
more detailed the mechanisms of action of the treatment 
and key signaling pathways involved.
Results HS201- PDT demonstrated greater tumor 
control and survival in immune competent mice than 
in immunocompromised mice, suggesting the role of 
induced antitumor immunity; however, survival was 
modest and an abscopal effect on distant implanted 
tumor was weak. A combination of HS201- PDT with 
anti- PD- L1 antibody demonstrated the greatest antigen- 
specific immune response, tumor growth suppression, 
prolonged mouse survival time and abscopal effect. 
The most significant increase of intratumoral, activated 
CD8+T cells and decrease of exhausted CD8+T cells 
occurred following combination treatment compared with 
HS201- PDT monotherapy. Receptor- ligand interactome 
analysis showed marked enhancement of several 
pathways, such as CXCL, GALECTIN, GITRL, PECAM1 
and NOTCH, associated with CD8+T cell activation in the 
combination group. Notably, the expression of the CXCR3 
gene signature was the highest in the combination group, 
possibly explaining the enhanced tumor infiltration by T 
cells.

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ The Hsp90- targeted photosensitizer, HS201, ac-
cumulates in aggressive breast cancers in vivo, 
and photodynamic therapy using laser light ap-
plied to tumors following HS201 administration 
(HS201- photodynamic therapy, PDT) showed di-
rect antitumor efficacy against human breast can-
cer xenografts with various molecular and clinical 
subtypes.

WHAT THIS STUDY ADDS
 ⇒ In the current study, we demonstrated that HS201- 
PDT could induce tumor- antigen specific cellular 
immunity that resulted in an abscopal effect at the 
site of distant tumors and prolonged survival in mu-
rine syngeneic breast cancer models.

 ⇒ The antitumor efficacy of HS201- PDT was enhanced 
by systemic delivery of anti- PD- L1 antibody.

 ⇒ Tumor infiltration with activated CD8+T cells was 
enhanced in PDT treated tumors as well as in dis-
tant untreated tumors following the combination of 
HS201- PDT and anti- PD- L1.

 ⇒ scRNA- seq analysis of tumor infiltrating leukocytes 
revealed enhanced communications between CD8 
T cells and macrophages in the tumors treated with 
the combination therapy. Elements of the CXCR3 
gene signature were strongly upregulated in CD8 
T cells and macrophages, thus serving as a poten-
tial biomarker of antitumor immunity in HS201- PDT 
treated tumors.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ This study demonstrates the potential of combined 
Hsp90- targeted PDT and PD- 1/PD- L1 blockade 
in breast cancer immunotherapy and the CXCR3 
gene signature as a surrogate marker for the clin-
ical activity of the treatment. Further preclinical and 
clinical studies to assess this combined therapy are 
warranted.
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Conclusions The increased antitumor activity and upregulated CXCR3 
gene signature induced by the combination of anti- PD- L1 antibody with 
HS201- PDT warrants the clinical testing of HS201- PDT combined with 
PD- 1/PD- L1 blockade in patients with breast cancer, and the use of the 
CXCR3 gene signature as a biomarker.

BACKGROUND
Application of immunotherapy to breast cancer (BC) has 
received considerable attention1; however, anti- PD- 1/
PD- L1 antibodies that have revolutionized treatment of 
some malignancies have modest activity only in a subset 
of individuals with triple- negative BC (TNBC).2–5 Defects 
in the tumor microenvironment (TME) including (1) 
decrease in number and activity of cytotoxic CD8+T 
cells, (2) decrease in dendritic cell maturation and traf-
ficking, (3) increase of immunosuppressive cells, such as 
regulatory T (Treg) cells, tumor- associated macrophages 
(TAMs), and myeloid derived suppressor cells, that 
produce inhibitory molecules, such as IL- 6, IL- 10, TGF-β 
and VEGF, and (4) increased expression level of PD- L1 by 
tumor cells and antigen- presenting cells, are thought to 
be responsible for this limited efficacy.6 7 T cell trafficking 
depends on the release of chemokines Cxcl9/10/11 in 
the target tissue, which then bind to Cxcr3 on T cells.8–10 
CXCL9 is associated with immune infiltration and favor-
able prognosis in ER- negative BC.11 CXCR3 signaling is 
important in the maintenance of an inflamed TME12 and 
lack of CXCR3 signaling was shown to increase M2 polar-
ization of TAM in murine BC.13 Our goal was to increase 
the chemokine expression at the site of TNBCs, Cxcr3 
expression on effector T cells, and stronger antigen- 
presenting cell to T cell signaling to synergize with anti- 
PD- 1/PD- L1 therapy.

Strategies proposed to overcome immune deficits in the 
TME include (1) local administration of oncolytic viruses, 
(2) local administration of immune- stimulatory reagents 
such as interleukin- 2 (IL- 2), IL- 12, Toll- like receptor 
agonists and Stimulator of Interferon Gene agonists, 
(3) radiotherapy, and (4) physical therapies such as 
electrochemotherapy, high- intensity focused ultrasound 
(HIFU), photothermal therapy and hyperthermia.14–21 
For example, we recently showed that mechanical disrup-
tion of tumor tissue using HIFU modified the TME, by 
repolarizing macrophages to an M1- like phenotype 
and inducing intratumoral infiltration of CD8+T cells, 
and elicited strong systemic antitumor immunity.22 In 
common, these approaches seek to either activate more 
potent effector T cells or modify the TME to allow intratu-
moral T cell migration; however, few effectively enhance 
the signals for T cell infiltration. Another tumor ablative 
approach is photodynamic therapy (PDT) which consists 
of systemic administration of a photosensitizer compound 
followed by application of laser light resulting in the gener-
ation of reactive oxygen species that damages the target 
cells. We have developed a novel photosensitizer HS201, 
which consist of verteporfin (VP) tethered to a heat shock 
protein 90 (Hsp90) small molecule inhibitor, that selec-
tively accumulates within tumors, permitting targeted 

PDT (HS201- PDT).23 HS201- PDT showed a significant 
antitumor effect against various human BC xenografts 
including aggressive BCs implanted in immunocom-
promised mice. Others have reported that conventional 
PDT can enhance the immune response to tumors.24 25 
However, the systemic antitumor effect of HS201- PDT has 
not been determined in immunocompetent models.

In the current study, we investigated the capacity of 
HS201- PDT with/without immune checkpoint blockade 
(ICB) to induce antitumor immunity and antitumor effi-
cacy in ER- negative murine BCs in immunocompetent 
mice. We demonstrated that combination treatment of 
HS201- PDT and anti- PD- L1 antibody could induce signifi-
cantly stronger systemic antitumor immunity and an 
abscopal effect, which refers to tumor regression at a loca-
tion distant from the primary treatment site, compared 
with HS201- PDT or anti- PD- L1 monotherapy. Using 
transcriptome analysis of tumor specimens, we further 
demonstrated that the combination treatment upreg-
ulated expression of the CXCR3 gene signature asso-
ciated with a higher frequency of activated CD8 T cells 
and fewer M2 macrophages compared with HS201- PDT 
monotherapy.

METHODS
Cell culture
E0771 cells, a mammary adenocarcinoma cell line 
derived from a C57Bl/6J mouse, were lentivirally trans-
fected with ovalbumin (E0771- OVA). MM3MG- HER2 
cells were established from murine mammary epithelial 
MM3MG cells as previously described.26 JC- HER3 cells 
were established by lentiviral transfection of HER3 to JC 
murine BC cell line.27 HER2 or HER3- positive transfected 
cells were sorted by flow cytometry and used for in vitro 
and in vivo experiments. E0771 cells and JC- HER3 cells 
were used as TNBC models28 and MM3MG- HER2 as a 
HER2+BC model. Cells were maintained in Dulbecco’s 
Modified Eagle’s (DMEM) medium supplemented with 
10% heat- inactivated fetal bovine serum (FBS) and peni-
cillin/streptomycin at 37͘°C in a humidified incubator 
containing 5% CO2.

Reagents and antibodies
HS201, a novel photosensitizer made of VP (Novartis 
Pharmaceuticals, Basel, Switzerland) tethered to an 
Hsp90 small molecule inhibitor (HS10), was used for in 
vitro and in vivo imaging and PDT. HS201 was developed 
and supplied by Haystead Lab (Department of Pharma-
cology and Cancer Biology, Duke University) as previ-
ously described.23 Anti- PD- L1 antibody (clone; 10F.9G2) 
was purchased from Bio X cell (New Hampshire USA) 
and used for animal treatment. Annexin V- Allophyco-
cyanin was purchased from BD Biosciences (California 
USA) and 7- AAD from Beckman Coulter Inc. (California, 
USA). Detailed information of antibodies used for flow 
cytometry is shown in online supplemental methods.
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Mice
Inbred BALB/c and C57BL6 mice were purchased from 
Jackson Laboratory, Bar Harbor, USA. Inbred severe 
combined immunodeficiency (SCID) Beige mice were 
purchased from Taconic Biosciences New York USA, and 
bred at Duke University Cancer Center Isolation Facility 
(CCIF). Human HER3 transgenic mice were generated 
as previously described27 and maintained at CCIF. 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 Animal Care and Use Review Office 
and performed in accordance with guidelines published 
by the Commission on Life Sciences of the National 
Research Council.

In vitro measurement of cellular reagents uptake
The in vitro uptake of reagents designed for NIR imaging 
and PDT was measured using Odyssey CLx imaging 
system (LI- COR, Inc. Nebraska USA) at 700 nm wave-
length. BC cells were seeded in 96- well plates (10,000 
cells/well) and cultured in DMEM media with 10% FBS at 
37͘°C. After the cells reached sub confluent in each well, 
HS201 (0.03–10 µM, respectively) was added, incubated 
for 30 min, removed, and washed by phosphate buff-
ered saline (PBS) once. Signal intensity of each well was 
measured at 700 nm to evaluate cellular uptake of HS201.

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 hour at 37°C. Cells were washed with PBS, 
stained with LIVE/DEAD Fixable Aqua Dead Cell Stain 
Kit (Thermo Fisher Scientific, Rockford, Illinois, USA), 
and followed by intracellular staining and/or cell surface 
staining as previously described.22 23 26 Detailed staining 
methods are shown in online supplemental methods. 
Cells were acquired by LSRII flow cytometer (BD Biosci-
ences, San Jose, California, USA) and analyzed by FlowJo 
software IX (BD Biosciences). Red laser (633 nm wave-
length) was used for excitation and signals were detected 
with filter 710/50 nm.

Photodynamic therapy
BC cells (1×106 cells /mouse) were injected into the right 
flank of female mice. After the tumor size reached 8 mm in 
diameter, PDT was performed as we previously reported.23 
First, HS201 (25 nmol/mouse) was administered via tail 
vein injection. Six hours after the injection of photosensi-
tizer, laser at a wavelength of 690 nm was irradiated to the 
tumors at the dose of 120 J/cm2 (500 mW/cm2/4 min) 
using medical laser system ML7710 (Modulight, Tampere, 
Finland). The laser irradiation was repeated at 24 hours 
after the injection of HS201 as previously reported.23 In 
vivo imaging was performed in the same way as described 
above. Sample sizes for each group in each experiment 
are shown in online supplemental methods. Tumor size 

was monitored by caliper measurement twice a week. 
Tumor volume was calculated as follows: tumor volume 
(mm3)=width (mm)×width (mm)×length (mm)/2.

IFN-γ ELISPOT
Mouse IFN-γ ELISPOT assays (Mabtech, Cincinnati, Ohio, 
USA) were done according to the manufacturer’s instruc-
tions as previously described.22 27 Overlapping HER2 or 
HER3 mixed peptides (JPT Peptide Technologies, Berlin, 
Germany) or OVA257- 264 (SIINFEKL) peptide were 
used to detect anti- HER2, anti- HER3 or anti- OVA cellular 
responses. HIV peptide mix (BD Bioscience) was used 
as a negative control of the assay. A detailed method is 
shown in online supplemental methods.

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) as previously described.22 27 Briefly, ELISA 
for anti- OVA antibodies in serum was performed using OVA 
protein (2.5 µg/50 µL/well) coated plates (Immulon 4HBX, 
Thermo Scientific, Massachusetts, USA). Cell- based ELISA 
was performed using 96- well plates seeded with BC cells 
(4T1- HER2, 4T1- HER3, or parental 4T1, 10,000 cells/well). 
IRDye 800CW Donkey anti- mouse IgG antibody (1:2000 in 
1%BSA- PBS, LI- COR Biosciences, Lincoln, Nebraska, USA) 
was added and plates were analyzed using LI- COR ODYSSEY 
imager (LI- COR). Detailed methods are shown in online 
supplemental method.

Immunohistochemistry
Formalin- fixed paraffin embedded tissues were cut into 
4 µm sections and stained with anti- CD4 (1:100, D7D2Z, 
Cell Signaling Technology, Danvers, Massachusetts, USA) or 
anti- CD8 mAb (1:400, D4W2Z, Cell Signaling) by the HRP 
method, followed by standard chromogenic immunohisto-
chemistry protocol. A detailed method is shown in online 
supplemental methods. 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 five 
different high- power fields to obtain an average number for 
each condition.

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. 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 (V.1.1) (10X Genomics, Pleasanton, 
California, USA) following manufacturer’s protocol. 
Both gene expression (GEX) and V(D)J enrichment 
libraries were created for each sample. Generated cDNA 
and final GEX/T cell receptor (TCR) libraries were 
quality checked using an Agilent Bioanalyzer 2100 and 
submitted to MedGenome Inc (Foster City, California, 
USA) for sequencing on a NovaSeq S4 instrument. Fastq 
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files from 10X library sequencing were processed using 
Partek Genomics Suite software (V.9.0.20, Copyright 
; 2018 Partek). Sequences were aligned to the mm10 
reference genome (STAR aligner V.2.6.1). Dedupli-
cated unique molecular identifier (UMI) counts were 
filtered using Seurat (V.4.0.6)29 to include cells with 
(1) total reads between 200 and top 95th percentile of 
expression distribution, and (2) genes with a maximum 
of 10% mitochondrial reads. After log- normalizing indi-
vidual datasets, data were scaled after regressing out 
total number of UMI counts, percent mitochondrial 
GEX and cell- cycle phase in order to account for the 
variability in GEX. We then rank genes by the number 
of datasets they appear in (breaking ties by the median 
rank across datasets) and picked top 5000 genes that 
can be used for data integration using Seurat integra-
tion workflow. Scaled z- scores for each gene within the 
integrated data were calculated, which were later used 
as input to principal component analysis. Variable TCR 
and immunoglobulin genes along with ribosomal and 
mitochondrial genes were removed from the list of vari-
able genes to prevent clustering based on variable V(D)
J transcripts, ribosomal and mitochondrial content. 
Clusters, identified using shared nearest neighbor- 
based clustering on the basis of the first 30 principal 
components, were visualized using UMAP30 plots using 
first 10 principal components, a minimum distance of 
0.5 and 75 nearest neighbors. Ligand- receptor (LR) 
interactions between any two cell types were interro-
gated drawing from a curated list of LR pairs using 
CellChat (version 1.1.3).31 P values for each LR inter-
action were computed by randomly permuting the cell 
type labels and statistical significance was called at 5% 
false discovery rate (FDR). Significant LR interactions 
were visualized using chord diagrams (circus plots) and 
heatmaps.

T cell diversity was calculated using Shannon’s entropy 
(H) as follows; H = -  

∑s
i=1 Piln

(
Pi
)
 

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 reper-
toire).32 T cell clonality was calculated as follows; clonality 
index=1 – Shannon entropy/ln(N). N is the number of 
clonotypes for each sample.

Statistical analysis
Tumor volumes, flow cytometry, ELISA, and ELISPOT data 
from experiments with three or more treatment groups 
were analyzed by One- way analysis of variance with Tukey’s 
multiple comparisons test. A two- tailed, unpaired Student’s 
t- test was used for experiments with only two groups. Tumor 
volumes were analyzed at the terminal endpoint only, unless 
otherwise indicated. Statistical analyses were performed using 
Prism (GraphPad, San Diego, California, USA). Kaplan- 
Meier survival curves for tumor- bearing mice were generated 
and log- rank tests were performed using Prism. P values of 
0.05 or less were considered statistically significant and shown 
in the graphs. *p<0.05; **p<0.01; ***p<0.001.

RESULTS
HS201 accumulates in murine BC cells and leads to cell killing 
after application of PDT
We first demonstrated the uptake of HS201 by triple- 
negative E0771 cells was concentration- dependent 
(online supplemental figure 1A). Further, we observed 
that killing of E0771 by HS201 in combination with laser 
light was both HS201 concentration- dependent and light 
energy dose- dependent (online supplemental figure 1B). 
This cell killing was predominantly apoptotic (online 
supplemental figure 1C).

Next, we confirmed the HS201 accumulated in murine 
syngeneic E0771 breast tumors in vivo. As shown in 
online supplemental figure 2A, strong nIR signals were 
confirmed in E0771 tumors, compared with non- tumor 
background areas. The nIR signal level peaked at 12 hours 
after administration of HS201, then gradually decreased 
till day 6 (online supplemental figure 2B), as we observed 
in human BC xenografts grown in immunodeficient SCID 
beige mice.23 Six hours after HS201 injection, there was 
significant accumulation of HS201 in harvested E0771 
tumor tissue (online supplemental figure 2C), and specif-
ically within individual tumor cells (online supplemental 
figure 2D). These data confirm that E0771 cells efficiently 
take up HS201 in vivo and can be killed by HS201- PDT.

HS201-PDT-induced significant tumor growth suppression 
of E0771 murine BC without survival benefit in 
immunocompromised mice
To evaluate the antitumor effect of PDT without the 
influence of immune response, we tested in vivo PDT 
using E0771 tumors in immunocompromised SCID beige 
mice (lacking B, T cells and NK cell functions). Based 
on the previous optimization of HS201- PDT,23 HS201 
was administered at the dose of 25 nmol/mouse via tail 
vein injection, and laser irradiation (120 J/cm2) to the 
tumors were repeated twice (Drug- Light Interval: 6 hours 
and 24 hours) as shown in the schema (figure 1A). As 
expected, HS201- PDT group had the strongest tumor 
growth suppression, however, tumor growth in this group 
accelerated at later time points (figure 1B). HS201 injec-
tion alone or Laser irradiation alone did not signifi-
cantly suppress the growth of E0771 breast tumors, thus 
confirming the need for both photosensitizers and light 
in the tumoricidal effect of HS201- PDT.

Although the mice in HS201- PDT treatment group 
tended to survive longer than untreated mice, there was 
no statistically significant difference (figure 1C). These 
data suggest that in the absence of B, T and NK cells, 
HS201- PDT has modest antitumor effect in vivo.

HS201-PDT-induced significant tumor growth suppression of 
E0771 murine BC with survival benefit in immunocompetent 
mice
Having observed that the HS201- PDT only modestly 
affected survival of immune- incompetent mice implanted 
with E0771, we wanted to determine whether the outcome 
would be improved by the presence of antitumor 
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immunity. In immunocompetent E0771- bearing C57BL/6 
mice, HS201- PDT of the implanted tumor significantly 
suppressed tumor growth and prolonged overall survival 
compared with no treatment (figure 2A,B). To confirm 
the antitumor activity was antigen- specific, we applied 
HS201- PDT treatment to established E0771 tumors 
expressing the model antigen OVA (E0771- OVA) and 
analyzed the splenocytes and serum to assess cellular 
and humoral immune responses against OVA. OVA- 
specific cellular immune response was only observed 
in HS201- PDT treated mice, but not in untreated mice 
(figure 2C). ELISA showed comparable levels of anti- OVA 
antibody in the sera of both groups (figure 2D). These 
results suggest that the cellular immunity played a major 
role in HS201- PDT- induced antitumor effects. To study 
the local cellular response in more detail, we analyzed 
digested tumor by flow cytometry. We observed a decrease 
of CD4+Foxp3+ regulatory T cells, and increases of the 
CD8/CD4 and the CD8/CD4+Foxp3+CD25+ Treg 
ratios, suggesting HS201- PDT favorably alters the TME 
(figure 2E).

HS201-PDT induces a weak abscopal effect
Having confirmed induction of systemic antitumor 
immunity by HS201- PDT in immunocompetent mice, 
we wished to test whether this immunity could suppress 
the growth of distant, implanted but untreated, tumors. 
Using a bilateral tumor model of E0771 tumors in 
C57BL/6 mice, tumors in the right flank were treated 
or untreated with HS201- PDT, and tumor growth of the 
untreated contralateral flank tumors was monitored. 
As shown in figure 2F, HS201- PDT induced significant 
tumor growth suppression for the treated tumors in the 
right flank; however, the sizes of distant implanted tumors 
(left flank) were minimally reduced (p=0.10) compared 
with untreated mice (figure 2F).

HS201-PDT combined with checkpoint blockade induced 
stronger antitumor immunity and tumor growth suppression
Although we observed local and systemic immu-
nity induced by HS201- PDT of implanted tumors, 
tumors continued to grow and were eventually lethal 
(figure 2A,B). We hypothesized that this is due to T cell 
exhaustion in the TME. Given this hypothesis, we sought 
to determine if combining immune checkpoint inhibition 
to HS201- PDT could maintain the activation of cytotoxic 
T cells and enhance the anti- tumor efficacy. Therefore, 
E0771 tumor- bearing mice were treated by HS201- PDT, 
anti- PD- L1 antibody or both as shown in figure 3A. 
Although HS201- PDT was again noted to suppress tumor 
growth which was marginally enhanced by anti- PD- L1 
(figure 3B), only the combination resulted in statisti-
cally significant prolongation of survival compared with 
untreated mice (figure 3C). Importantly, the combina-
tion statistically prolonged survival compared with anti- 
PD- L1 alone, suggesting that the local PDT- based therapy 
enhances the efficacy of anti- PD- L1 therapy.

Combination of HS201-PDT and checkpoint blockade 
enhanced antigen-specific immune response against 
MM3MG-HER2 tumors
Here, we sought to validate the efficacy of the combina-
tion treatment using MM3MG- HER2, another BC model 
which is driven by the well- known oncogene HER2.26 
MM3MG- HER2 tumor- bearing BALB/c mice were 
treated with the same schedule of HS201- PDT and ICB as 
described in figure 3A. Significant tumor growth suppres-
sion and tumor rejection were observed in HS201- PDT 
monotherapy and the combination treatment groups, 
but not in anti- PD- L1 monotherapy groups (figure 3D). 
Although tumors were eradicated by HS201- PDT mono-
therapy in 6 mice out of 8 mice (75%), the combination 
treatment eradicated tumors in 100% of the mice by day 
7 after the treatment, while no mouse in the control or 

Figure 1 Antitumor effect of HS201- PDT against E0771 tumors in immunodeficient mice. (A) Treatment schedule of HS201- 
PDT. When the size of the E0771 tumor reached approximately 8 mm in diameter, HS201 (25 nmol/mouse) was administered 
to the mice via tail vein injection, and laser (690 nm wavelength, 120 J/cm2) was irradiated to tumor area with DLI of 6 and 24 
hours. Tumor size was monitored until the volume reach over 2000 mm3. (B) Antitumor Effect of HS201- PDT against E0771 
tumor in immunocompromised SCID beige mice. HS201- PDT was carried out according to the schedule shown in figure 2A 
(laser irradiation indicated with red arrows). As controls, no treatment group, HS201 injection alone, and laser irradiation alone 
were made. The data shown are mean±SEM of tumor volumes (n=5 for HS201- PDT group and n=8 for other groups). Statistical 
analysis was performed for the tumor volume on day 9. (C) Overall survival of E0771 tumor- bearing SCID beige mice treated 
with HS201- PDT. Mice (n=5 for HS201- PDT group and n=8 for other groups) were counted as dead when tumor volume 
reached humane endpoint according to IACUC approved protocol (>2000 mm3). PDT, photodynamic therapy; DLI, drug- light 
interval; IACUC, Institutional Animal Care and Use Committee; SCID, severe combined immunodeficiency.
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anti- PD- L1 monotherapy group showed tumor eradication 
during the experiment. These results suggest the syner-
gistic effect of HS201- PDT and anti- PD- L1 in antitumor 
efficacy against MM3MG- HER2 tumors (figure 3D).

Based on the result of IFN-γ ELISPOT assay, cellular 
immune response against HER2 extracellular domain 
(ECD) peptides was significantly enhanced in HS201- PDT 
group and combination treatment group, but not in anti- 
PD- L1 group compared with no treatment control group 
(figure 3E). Especially, the combination group showed 
the strongest cellular response among all groups. Corre-
sponding to this finding, the intratumoral infiltration 
of CD8+T cells was significantly increased in the combi-
nation group (figure 3F). On the other hand, humoral 

immune response against HER2 antigen was mildly 
enhanced in the anti- PD- L1 and combination treat-
ment groups, suggesting induction of humoral immune 
response by these treatments (figure 3G).

To address whether tumor rejection resulted in the 
establishment of memory antitumor immunity in mice 
treated with the combination treatment, we rechallenged 
tumor- free mice (at least 30 days after the disappearance 
of tumors) by inoculating MM3MG- HER2 cells to the flank 
of the contralateral side. We observed no tumor growth in 
these mice, while most of naïve mice died within 22 days 
because of rapid tumor growth (figure 3H).

To confirm if the combination treatment can induce 
tumor antigen- specific immune response even in 

Figure 2 HS201- PDT induced improved antitumor effect and prolonged survival against E0771 tumors in immunocompetent 
mice. (A) Antitumor effect of HS201- PDT against E0771 tumor in immunocompetent C57BL6 mice. E0771 cells (1×106 cells/
mouse) were subcutaneously injected to the flank of female C57BL/6 mice. As shown in figure 1A, HS201- PDT was carried out 
according to the schedule shown in figure 2A (laser irradiation indicated with red arrows). Mice in a control group received no 
treatment. The data shown are mean±SEM of tumor volumes (n=8 for each group). Statistical analysis was performed for the 
tumor volume on day 7. (B) Overall survival of E0771 tumor- bearing immunocompetent mice treated with HS201- PDT. Survival 
curves of E0771 tumor- bearing C57BL/6 mice in each group are shown (n=8 for each group). Mice were counted as dead when 
tumor volume reached humane endpoint according to IACUC Approved protocol. (C) Antigen- specific cellular immune response 
induced by HS201- PDT in immunocompetent mice. E0771- OVA tumors grown in C57BL/6 mice were untreated or treated with 
HS201- PDT. Ten days after the initiation of HS201- PDT, all mice were euthanized and spleen and blood samples were collected 
for the assays. Splenocytes were tested for OVA- specific cellular immune response by IFN-γ ELISPOT assay, using OT1 specific 
peptide (SIINFEKL) or control HIV peptide mix as stimulating antigens. The number of IFN-γ positive spots per 500 k splenocytes 
is shown. ELISpot count obtained without stimulating antigen was subtracted from the other ELISpot counts as a background. 
Data are shown as mean±SD n=8 for each group. (D) Humoral immune response induced by HS201- PDT in immunocompetent 
mice. OVA- specific antibody production was tested by ELISA. Mouse serum were titrated (1:50–1:6400 dilution) and applied to 
the 96 well plate coated with OVA protein. Biotinylated anti- mouse IgG secondary antibody and HRP- conjugated streptavidin 
was used, followed by TMB substrate. The fluorescence signals were read by Bio- Rad plate reader at 550 nm wavelength and 
shown as mean±SD (n=8 for no treatment and n=6 for HS201- PDT group). (E) Flow cytometry analysis of T cell populations in 
HS201- PDT treated tumors. On day 3 post HS201- PDT treatment of E0771 tumors, mice were euthanized and tumors were 
harvested and digested with triple enzyme buffer. Tumor- infiltrating lymphocytes were stained with antibody cocktails, acquired 
by LSRII flow cytometry machine and data were analyzed by FlowJo software. PD- 1 positivity and Treg population are shown as 
percentages for CD4 or CD8 T cells. Predictive indicators of the outcome are shown as ratios. Individual values with mean (bars) 
were plotted. n=5 for no treatment and n=3 for HS201- PDT group. (F) Abscopal effect induced by HS201- PDT. E0771 cells were 
implanted bilaterally to the flank of C57BL/6 mice (RT: 1×106 cells/mouse, LT: 5×105 cells/mouse). Tumors in right flank were 
treated with/without HS201- PDT 6 days after tumor cell implantation, and tumors in left flank were left untreated. The tumor 
growth was monitored for PDT treated side (right flank) and non- treated remote side (left flank). N=10 mice for each group. 
Circle symbols: HS201- PDT treated mice. Square symbols: untreated mice. P value for comparison of left side tumors=0.1031. 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. PDT, photodynamic therapy.  on M
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Figure 3 Antitumor effect of HS201- PDT combined with immune checkpoint blockade against E0771 and MM3MG- HER2 
breast tumors in immunocompetent mice. (A) Treatment schedule of HS201- PDT combined with Anti- PD- L1 Ab. E0771 cells 
were injected into right flank of female C57BL/6 mice. Mice were separated into four groups; no treatment, anti- PD- L1 Ab 
monotherapy, HS201- PDT monotherapy, and combination (HS201- PDT+Anti- PD- L1 Ab). n=8 for each group. When the size 
of the tumor reached approximately 8 mm in diameter, HS201 (25 nmol/mouse) was administered to the mice via tail vein, and 
laser (690 nm wavelength, 120 J/cm2) was irradiated to tumor area with DLI of 6 and 24 hours in HS201- PDT monotherapy and 
combination groups. Anti- PD- L1 Ab (250 µg/mouse) was injected intraperitoneally twice a week for 2 weeks in anti- PD- L1 group 
and combination group. (B) Antitumor effect of HS201- PDT against E0771 tumors in immunocompetent C57BL/6 mice. HS201- 
PDT and anti- PD- L1 Ab injection were carried out according to the schedule shown in figure 3A (laser irradiation indicated with 
red arrows). The data shown are mean±SEM of tumor volumes (n=8 for each group). statistical analysis was performed for the 
tumor volume on day 7. (C) Survival of E0771 tumor- bearing mice treated with HS201- PDT and/or anti- PD- L1 Ab. Kaplan- Meier 
survival curves are shown, and log- rank test was performed for statistical analysis. Mice (n=8 for each group) were counted 
as dead when tumor volume reached humane endpoint (>2000 mm3) according to IACUC approved protocol. (D) Antitumor 
effect against MM3MG- HER2 tumors by HS201- PDT and/or anti- PD- L1 Ab in immunocompetent BALB/c mice. MM3MG- HER2 
tumor- bearing mice were separated into four groups; no treatment, anti- PD- L1 Ab alone, HS201- PDT alone, and combination 
groups. After the tumors grew approximately 8 mm in diameter, HS201- PDT was performed and anti- PD- L1 Ab or control 
Ab was administrated intraperitoneally as described in (A). Laser irradiation is indicated with red arrows. The data shown are 
mean±SEM of tumor volumes (n=8 for each group). Statistical analysis was performed for the tumor volume on day 7. (E) HER2 
specific T- cell response induced by treatment against MM3MG- HER2 tumor detected by ELISpot assay. Mice were sacrificed 
at day seven post treatment initiation for the immunoassays. HER2 peptide specific IFN-γ production was analyzed by ELISPOT 
assay using splenocytes. HER2 ICD or ECD peptides and HIV peptide mix were used as stimulating antigens. Results were 
analyzed by ELISpot reader system. ELISpot count without stimulating antigen was subtracted as a background. Data shown 
are mean±SD (n=8 for each group). (F) Immunohistochemical analysis of tumor- infiltrating lymphocytes. MM3MG- HER2 tumors 
were collected at day seven post treatment initiation. Formalin- fixed paraffin embedded tissues were cut into 4 µm sections 
and stained with anti- CD4 or anti- CD8 mAb, followed by standard chromogenic immunohistochemistry protocol. Sections 
were counter stained with hematoxylin and eosin. Representative images from each group are shown. Original magnification: 
objective 40 ×. The scale bar indicates 20 µm. In the lower panels, CD4 and CD8 positive cell counts per HPF were measured 
using image J software and shown in box and whisker plots. n=7 for anti- PD- L1, n=8 for other groups. (G) Serum anti- HER2 
antibody level detected by ELISA. The amount of serum antibodies specific to HER2 protein was assessed by cell- based 
ELISA using 4T1- HER2 and 4T1 cells. Diluted serum (1:50 to 1:6400 dilution) was added to each well confluent with cells and 
incubated for 1 hour on ice, then fixed with 1% formalin. IRDye 800CW anti- mouse IgG antibody was added, incubated at room 
temperature for 1 hour. After wash with PBS, plates were analyzed for NIR signals using LI- COR Odyssey imager at 800 nm 
channel. Data shown are mean±SEM. n=9 for combination group, n=8 for other groups. (H) Rechallenge of tumor cells in mice 
treated and cured with combination treatment. At least 30 days after the disappearance of tumors in mice in combination 
treatment group, mice (n=8) were rechallenged with MM3MG- HER2 tumor cells (5×10E5 cell number/injection) to the flank of 
contralateral side. As a control, naïve female BALB/c mice (n=9) received subcutaneous implantation of MM3MG- HER2 cells in 
the same manner. Mouse overall survival after rechallenge is shown. HPF, high- power field; PDT, photodynamic therapy; ICD, 
intracellular domain; ECD, extracellular domain; IACUC, Institutional Animal Care and Use Committee.
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transgenic mice that are immune tolerant for the 
antigen, we used the JC- HER3 tumor model in HER3 
transgenic mice (online supplemental figure 3). As we 
observed above, we saw the strongest antitumor efficacy 
and anti- HER3 cellular response in mice treated with the 
combination therapy, suggesting that the combination 
is potent enough to break immune tolerance for tumor 
antigens.

TME changes induced by anti-PD-L1, HS201-PDT and their 
combination
For a more detailed analyses of treatment- related changes 
of the tumor immune infiltrate, we used single- cell RNA 
sequencing of tumor infiltrating CD45+immune cells. 
Cell types were clustered using graph- based clustering 
and classified using expression of canonical cell type 
gene markers (figure 4A, online supplemental figure 
4). Quantification of the proportions of each cell type in 
control and treated tumors revealed a significant increase 
in CD8+ T cells, CD4+ T cells, NK cells and Treg cells, 

with a decrease in macrophages and dendritic cells in the 
combination- treated tumor.

GEX libraries of the CD8+T cell population were reclus-
tered and further analyzed (figure 4B, online supple-
mental file 2). In addition to GEX libraries, TCR libraries 
were also sequenced (figure 4C). CD8+T cells were clas-
sified into activated and exhausted groups of cells based 
on canonical gene markers (online supplemental figure 
5). Quantification of activated, activated/exhausted and 
exhausted CD8+T cells show a significant expansion of 
activated CD8+T cells in response to combination therapy. 
There were significantly more clones in tumors treated 
with combined therapy that had expanded (>5 cells 
sharing the same TCR, shown in blue in figure 4C) as well 
as significantly more unique clones present. Based on the 
analysis of expanding TCR clones, the top 10 clonotypes 
among all tumor- infiltrating T cell populations in each 
treatment group were identified (figure 4D). The top 
10 clonotypes occupied smaller percentages of T cells in 
anti- PD- L1 and combination therapy groups, suggesting 

Figure 4 scRNA- sequencing analysis of tumor- infiltrating leucocytes in treated MM3MG- HER2 tumors. (A) Changes of 
immune cell populations after treatments. UMAP scatter plot of single CD45+ leukocytes is shown in the left panel. Barplots 
in the right panel display log2 expression of various immune cells across the treatment conditions relative to control samples. 
(B) Changes of CD8+T cell populations. Top panel displays UMAP scatter plot of single CD8+T cells labeled by their activation 
state. Three specific states of CD8+T cells—activated, activated/exhausted and exhausted—were identified and shown. Bottom 
panel shows the same separated by treatment. Barplots in the right panel display log2 expression of CD8+T cells across various 
treatment conditions relative to control samples. (C) UMAP scatter plot of expanded CD8+T cell clones depict treatment- 
associated clonal expansion of activated CD8+T cells. (D) Structural organization of expanded portion of T cell repertoire. 
Barplots are depicting top 10 clonotypes within the expanded repertoire in each treatment Group. (E) Correlation between 
Shannon index and clonality index for all samples within each treatment Group. (F) UMAP scatter plot of macrophages labeled 
by macrophage type: M1, M1/M2 and M2. Left panel shows UMAP plot for combined cell data, while middle panel displays 
UMAP scatter plots for each treatment condition. Barplot in the right panel displays log2 expression of macrophages across 
various treatment conditions relative to control samples. scRNA, single- cell RNA; UMAP, Uniform Manifold Approximation and 
Projection.
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increased T cell clones were generated by the treatments 
and infiltrated into tumors. HS201- PDT increased the 
diversity of T cell clones, while anti- PD- L1 and the combi-
nation treatments weakly increased the diversity and 
decreased clonality of T cells. Shannon index of diversity 
show that cells treated with anti- PD- L1 and combination 
treatment share a similar immune profile (figure 4E).

Similar to CD8+T cells, we explored the macrophage 
GEX libraries and on reclustering of these cells, we iden-
tified three groups based on canonical markers—M1, 
M1/M2 and M2 macrophages (online supplemental 
figure 6). The macrophage cell populations had differ-
ential expression patterns that correlated with treatment 
groups (figure 4F). There is a significant increase in M2 
macrophage population post- treatment with HS201- PDT 
alone and M1/M2 macrophage population in combined 
treatment group. HS201- PDT alone and combination 

treatment appeared to reduce M1 macrophage popula-
tion in tumors.

Using scRNA- seq, we observed limited overlap in the 
genes overexpressed by intratumoral CD8+T cells in 
response to the monotherapies and combination. Similar 
results were observed in the intratumoral macrophage 
population. These results suggest that effects on the 
immune microenvironment induced by the combination 
are not a result of additive effects of PDT and anti- PD- L1 
monotherapies, but synergistic effects (figure 5A).

We used the single cell transcriptional information 
to precisely map receptor- ligand interactions between 
CD8 T cells and macrophages. Interaction scores were 
computed, as previously described,31 for each LR pair 
and compared across the various experimental condi-
tions. The heatmap shows the cell- cell scaled communi-
cation probability of several LRs along signaling pathway 

Figure 5 Differential gene expression and changes of receptor- ligand interactions after treatments. (A) Venn diagrams show 
the number of differentially expressed genes (DEGs) that were upregulated in the treated samples compared with no treatment 
control. The number of common DEGs upregulated in multiple samples are shown in the overlapped areas. Left: CD8 T cells. 
Right: macrophage. (B) Heatmap showing cell- cell scaled communication probability as computed by CellChat across all 
treatments. Rows show signaling pathways and columns indicate average communication probability (using law of mass action 
by CellChat). We focus on a few signaling pathways (as shown in the solid box) for which we show heatmaps of incoming 
(CD8+T cells to macrophages) and outgoing (macrophages to CD8+T cells) for individual cell types. This heatmap is displaying 
differential number of interactions and their strength in the cell- cell communication network between control and HS201- PDT 
and aPD- L1 antibody combination treatment. We focus on CXCL signaling pathway because of alternating cell- cell signaling 
strength for incoming and out coming interactions between macrophages and CD8+T cells. (C) Chord diagrams (or circos plots) 
showing ligand- receptor interactions between macrophages and activated CD8+T cells in control and treatment groups. Cxcr3- 
associated ligand- receptor interactions are highlighted in the circos plot of the combination treatment. (D) Heatmap shows 
activation status of Cxcr3/Cxcr5/Cxcr6 on activated CD8+T cells in each treatment group. Enhanced CXCR3 receptor activation 
(due to active ligand binding from macrophages) on activated CD8+T cells is demonstrated in combination treatment group 
compared with others. Barplot in the right panel shows CXCR3 signature scores for each treatment group.
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networks (figure 5B, left panel). Among pathways asso-
ciated with CD8+T cell activation, CXCL, GALECTIN, 
GITRL, ANGPTL, PECAM1, CD22, NOTCH, and CD39 
were upregulated only by the combination therapy 
(figure 5B, left panel). In the right panels of figure 5B, 
predictions of key incoming and outgoing signals for 
different subsets of T cells and macrophages are shown. 
The CXCL signaling pathway demonstrated a particu-
larly strong cell- cell interaction between CD8+T cells and 
macrophages. LR interactions within the CXCL signaling 
pathway were visualized as a chord diagram (figure 5C) 
for each of the treatment groups. Although all conditions 
showed upregulated Cxcr6/Cxcl16, the CXCL9/10/11/
CXCR3 axis was upregulated only in the treatment 
groups, and to the greatest extent in the combination 
treatment group. Further, the expression of Cxcr3 on CD8 
T cells was greatest in the combination treatment group 
(figure 5D). Expression of Cxcl16 is expected in the TME 
as it is associated with M2 polarization of macrophages33 
and progression of BC.34 Also, we have previously reported 
enhanced signaling of the CXCL9/10/11/CXCR3 axis as 

represented by a CXCR3 gene signature to be associated 
with enhanced antigen presentation, T cell infiltration 
and expansion.19 These data suggest that the combina-
tion therapy modulates the chemokine profile of the 
TME in a way that results in enhanced T cell infiltration.

Combination of HS201-PDT and PD-L1 blockade modulated 
the systemic immune profile
We also analyzed the immune profile in lymph node cells 
and splenocytes by flow cytometry to assess the systemic 
effect of combination therapy. In the lymph nodes, the 
relative percentages of CD11b+myeloid cells, CD49b+nat-
ural killer cells and CD11c+dendritic cells were signifi-
cantly increased in the combination group (figure 6A). 
Dendritic cells in lymph nodes showed significantly 
enhanced expression of MHC class II and CD80 in the 
combination groups, suggesting enhanced maturation 
of DCs by the combination treatment (figure 6B). PD- 1, 
ICOS, and CD69 expression on CD4+ and CD8+ spleno-
cytes, associated with T cell activation, was significantly 
stronger in the combination group (figure 6C). These 

Figure 6 Analysis of tumor- draining lymph node cells and splenocytes in MM3MG- HER2 tumor- bearing mice treated with 
HS201- PDT and/or anti- PD- L1 Ab. MM3MG- HER2 tumor- bearing BALB/c mice were untreated or treated with anti- PD- L1 
Ab alone, HS201- PDT alone, or combination (HS201- PDT+Anti- PD- L1 Ab) when the tumor size reached approximately 8 mm 
in diameter, on day 0, HS201 (25 nmol/mouse) administration via tail vein injection was followed by the irradiation of laser 
(690 nm wavelength, 120 J/cm2) to tumor area with DLI of 6 and 24 hours. Anti- PD- L1 Ab (250 µg/mouse) was administered 
intraperitoneally on days 0 and 3, and mice were sacrificed on day 7 post- treatment. (A) Immune cell population in tumor- 
draining lymph nodes. The percentages of CD3, CD49b, CD11b, CD11c and F4/80 positive cells in CD45 expressing immune 
cells in each treatment group are shown. The data shown are mean±SEM of percentages (n=5 for combination group and 
n=3 for other groups). (B) Maturation status of DCs in tumor- draining lymph nodes. CD80 and MHC class II expression by 
CD11c+DCs were analyzed as markers of DC maturation and shown as percentages among CD45+cells in lymph nodes. n=5 
for combination group and n=3 for other groups. (C) Activation and regulatory markers in CD4/CD8 positive lymphocytes in 
spleen. The CD4+T cell populations expressing FOXP3, CD69, PD1, and ICOS and are shown on the left side and CD8+T cell 
populations expressing GzmB, CD69, PD1, and ICOS are shown on the right side. The data shown are mean±SEM of 
percentages (n=5 for combination group and n=4 for other groups). *p<0.05, **p<0.01, ***p<0.001. DC, dendritic cell; PDT, 
photodynamic therapy; ICOS, inducible costimulator; MHC, major histocompatibility complex.
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data confirm that the combination treatment caused 
systemic activation of CD4 and CD8 T cells.

Combination of HS201-PDT and checkpoint blockade 
augmented infiltration of CD8 positive lymphocytes into 
distant tumors and enhanced the abscopal effect
Based on these findings of enhanced systemic tumor 
antigen- specific immunity by the combination treatment, 
we assessed whether this enhanced immunity would result 
in a stronger abscopal effect on the synchronous distant 
implanted tumors. Using the bilateral MM3MG- HER2 
tumor model, we treated the right flank tumors with/
without HS201- PDT and with intraperitoneal adminis-
tration of anti- PD- L1 or isotype control IgG as shown in 
figure 7A. As previously observed, HS201- PDT treatment 
significantly suppressed the growth of treated tumors in 
the right flank compared with the no treatment control 
group (p=0.009), and the combination treatment 
showed an even stronger antitumor effect compared with 
HS201- PDT alone (p=0.0474) (figure 7B, left panel). 
However, HS201- PDT alone could not induce significant 

tumor growth suppression of the untreated contralateral 
(distant) tumors, while the combination treatment signifi-
cantly suppressed tumor growth of the untreated contra-
lateral (distant) tumors compared with no treatment 
control (figure 6B, right panel). Immunohistochemical 
staining of CD4 and CD8 T cells was performed for the 
distant tumors, and the representative images from each 
treatment group are shown in figure 7C. Significantly 
increased infiltration of CD4 and CD8 T cells into PDT- 
untreated distant tumors was observed in the combina-
tion treatment group compared with other groups (right 
panel). These data confirm the abscopal effect is acti-
vated by the combination of HS201- PDT and anti- PD- L1 
antibody.

DISCUSSION
We have previously shown that a tumor- selective PDT 
(HS201- PDT) had exquisite anti- tumor efficacy across a 
variety of molecular and clinical subtypes of human BC 

Figure 7 Induction of stronger abscopal effect by the combination of HS201- PDT and anti- PD- L1. (A) Scheme of the 
treatment schedule. MM3MG- HER2 cells were subcutaneously injected to bilateral flank of female BALB/c mice. Mice were 
separated into four groups; no treatment, anti- PD- L1 Ab monotherapy, HS201- PDT monotherapy, and combination (HS201- 
PDT+Anti- PD- L1 Ab). When the tumor in the right flank grew approximately 8 mm in diameter (day 0), HS201- PDT was initiated, 
accompanied with intraperitoneal administration of isotype control IgG or anti- PD- L1 Ab (250 µg/mouse) on days 0 and 3. As 
for the immunoassay experiment, mice were sacrificed at day seven post treatment initiation. (B) Abscopal effect induced by 
combination of HS201- PDT and anti- PD- L1. MM3MG- HER2 tumor cells were subcutaneously implanted to the flank bilaterally, 
and tumors in the right flank was treated by HS201- PDT (indicated with arrow). Average tumor volume for the right flank (PDT 
treated) and the left flank (untreated remote) tumors are shown for each group. n=8 for each group. (C) Enhanced CD4+T and 
CD8+T cell infiltration in untreated remote MM3MG- HER2 tumors in mice treated with the combination of HS201- PDT and 
anti- PD- L1. Formalin- fixed paraffin embedded tissues were cut into 4 µm sections and stained with anti- CD4 or anti- CD8 mAb, 
followed by standard chromogenic immunohistochemistry protocol. Sections were counter stained with H&E. CD4+T cells and 
CD8+T cells were counted in high power fields and shown in the right panel. n=8 for each group. P values: *p<0.05, **p<0.01, 
***p<0.001. PDT, photodynamic therapy.
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without significant systemic or local toxicity.23 It has been 
reported that PDT as a local cancer therapy can facilitate 
antitumor immune responses by generating and releasing 
tumor- associated antigens from destroyed cancer cells, 
enhancing antigen presentation and cytokine/chemo-
kine production, leading to activation of antigen- specific 
T cells and abscopal effects that delay the growth of 
distant tumors.24 25 In the current study, we confirmed 
that HS201- PDT induced systemic antitumor immunity, 
greater antitumor efficacy and prolonged mouse survival 
in immunocompetent mice compared with immune- 
deficient mice, suggesting the key role of induced anti-
tumor immunity in the treatment efficacy of HS201- PDT. 
We also revealed that HS201- PDT generated a more 
inflamed TME, associated with increased CD8/CD4 ratio 
and CD8/Treg ratio. Moreover, in a bilateral BC model, 
we confirmed the abscopal effect; however, the growth 
suppression of the distant implanted tumors was weak, 
suggesting insufficient induction of systemic antitumor 
immunity by HS201- PDT monotherapy. Therefore, we 
hypothesized that combining HS201- PDT with immu-
nostimulatory therapies, such as microbial adjuvants, 
cytokine therapies or immune checkpoint inhibitors35–42 
would result in enhanced systemic antitumor immunity. 
In the current study, we observed that the combination 
of HS201- PDT with ICB had greater antitumor efficacy 
than either alone and significantly suppressed the growth 
of distant tumors. The mechanism for this greater activity 
was demonstrated to be markedly increased and matured 
dendritic cells in tumor draining lymph nodes, increased 
antigen- specific T cell activation, and T cell infiltration 
into both the treated and distant tumors. A novel finding 
was the upregulation of the CXCR3 gene signature, 
known to be associated with T cell activation and antigen- 
presentation.19 These results suggest that HS201- PDT 
combined with ICB generated an inflamed TME.

One of the major factors involved in resistance to ICB 
is the lack or paucity of tumor T cell infiltration, char-
acterizing the so- called ‘cold tumors’.43 44 Indeed, we 
observed that anti- PD- L1 alone did not significantly 
enhance tumor infiltration of CD8+T cells and did not 
suppress tumor growth; however, the infiltration of acti-
vated CD4+and CD8+ T cells was increased and exhausted 
CD8+T cells was decreased in the treated tumor by the 
combination treatment, associated with greater tumor 
growth suppression in our HER2+BC model. Further, 
we confirmed that the combination treatment could 
potently suppress the growth of tumors in distant sites 
with an apparent increase of infiltrating CD4+and CD8+ 
T cells. Therefore, we conclude that HS201- PDT has a 
strong potential to maximize the efficacy of ICB treat-
ment, by turning cold tumor to hot, and can exert syner-
gistic effects with anti- PD- L1 antibody to enhance the 
antitumor efficacy in these BC models.

To elucidate the detailed mechanism of increased infil-
tration of tumor with activated T cells and enhanced anti-
tumor efficacy of the combination treatment compared 
with anti- PD- L1 or HS201- PDT monotherapy, the TME 

was assessed by scRNA- seq analysis, which revealed that 
the combination treatment induced the increase of T cell 
clones and TCR repertoire diversity in MM3MG- HER2 
tumors. Importantly, the T cell response was antigen- 
specific and the combination treatment could break 
tolerance to the tumor antigen HER3 in immune- tolerant 
HER3- transgenic mice implanted with JC- HER3 tumor. 
Increased TCR diversity of TILs has been reported for 
other immunotherapeutic interventions for cancers, such 
as sipuleucel- T treatment for prostate cancer patients,45 
and also was demonstrated to be associated with improved 
overall survival of patients with various types of cancers, 
including BC, melanoma, squamous lung carcinoma, 
clear cell renal carcinoma and testicular cancer.46 Inter-
estingly, in the current study, all treatment groups, espe-
cially those with HS201- PDT treatment, showed increased 
TCR diversity compared with the no treatment control, 
suggesting HS201- PDT treatment increases T cell popu-
lations that can recognize tumor- specific antigens and 
target tumor cells.

RNA- seq data also demonstrated that the combina-
tion strategy of HS201- PDT with ICB enhanced expres-
sion of the CXCR3 gene signature in TILs, confirming 
the importance of CXCL9/10 ligand- CXCR3 receptor 
interactions between macrophages and CD8 T cells for 
the activation of antitumor immunity in response to 
immune checkpoint inhibitors in our HER2+BC model. 
The CXCL9/10/11/CXCR3 axis has been studied exten-
sively in melanoma as a potential prognostic biomarker 
for improved clinical outcomes and a potential predic-
tive biomarker for responses to immune checkpoint 
inhibitors.10 47 We recently reported an enhanced 
signaling of CXCL9/10/11/CXCR3 axis in the TME 
of TNBC after intratumoral IL- 12 gene therapy.19 The 
CXCR3 gene signature was associated with enhanced 
antigen presentation, T cell infiltration and expansion 
in the TME. Further, analysis of a genomic database 
demonstrated that the expression of our CXCR3 gene 
signature was associated with improved disease- free 
survival and overall survival in patients with TNBC.19 In 
TNBC and melanoma models, the macrophage derived 
CXCR3 ligands, CXCL9 and CXCL10, were upregu-
lated following dual PD- 1/CTLA- 4 blockade, and played 
pivotal roles in CD8+T cell infiltration and therapeutic 
efficacy of ICB.48

Other preclinical studies have demonstrated that the 
combination of PDT and immune checkpoint inhibitors, 
such as anti- CTLA- 4 or anti- PD- 1 antibodies, significantly 
improved therapeutic efficacy and survival of mice in 
murine models of colorectal cancer and BC.41 49 Similar 
to our observation, the combination with anti- PD- 1 anti-
body induced maturation of dendritic cells in tumor 
draining lymph nodes and enhanced the recruitment of 
cytotoxic CD8+T cells to the tumors in a 4T1 BC model49; 
however, this study did not describe a detailed analysis of 
the immune environment of treated tumors or distant 
TME and did not report the antigen- specificity of the 
induced immune response.
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For the implementation of this novel combination 
strategy in patients with BC, we acknowledge the limita-
tion due to the modest tissue penetration of laser light, 
especially when targeted tumors are located deep in the 
visceral organs. Thus, clinical trials of PDT for BC have 
been conducted mostly for chest wall recurrence of BC, 
that showed excellent clinical responses.50 Interestingly, a 
recent study reported percutaneous transcatheter inser-
tion of an optic fiber cable into tumors to deliver laser 
light directly, which induced tumor necrosis,51 suggesting 
a possible approach for delivering light to tumors in 
deeper locations, such as visceral organs or bones. The 
abscopal effect caused by our combination strategy would 
then allow us to treat synchronous distant tumors by 
applying PDT to a single tumor nodule using an optimal 
approach for each case, such as surface, endoscopic or 
transcatheter laser exposure.

Another potential criticism for our current study is that 
we only evaluated the PDT effect on superficial tumors 
that grew after subcutaneous implantation of tumor 
cells, and no analyses were done using optimized spon-
taneously metastasizing models. In previously published 
preclinical studies,52 53 however, the combination of 
PDT and anti- PD- L1 was shown to suppress lung metas-
tasis of 4T1 tumors, while PDT or anti- PD- L1 itself did 
not. Unfortunately, in the BC models used in our study, 
primary tumors grew rapidly to reach humane endpoints 
before causing analyzable visceral organ metastases. In 
our next study, we plan to test if HS201- PDT can suppress 
the spontaneous metastases to the visceral organs using 
optimal BC models.

In summary, our current study demonstrated that 
HS201- PDT combined with PD- L1 blockade could elicit 
remarkable antigen specific antitumor immunity that can 
exert striking therapeutic effects against PDT- treated and 
synchronous distant tumors in BC models. These results 
warrant the clinical testing of HS201- PDT combined with 
PD- 1/PD- L1 blockade in patients with BC. Cxcr3 signaling 
may serve as a surrogate marker for clinical activity of this 
strategy.
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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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Supplementary Figure 1

Supplementary Figure 1. Uptake of HS201 by E0771 tumor cells and cytotoxicity of in vitro HS201-PDT.
(A) Uptake of HS201 by E0771 cells in vitro. E0771 cells were seeded into 96 well flat-bottomed plate and incubated overnight. HS201 was added to the plate to 

make various final concentrations up to 30 µM (0.03, 0.1, 0.3, 1, 3, 10, 30), and incubated for 30 min at 37C. Then, medium was replaced with fresh medium three 
times, and the nIR signals from the plate was assessed using LI-COR Odyssey imager. Fluorescence intensities of nIR signals for each dose of HS201 are shown 

in the graph as mean +/- SD.  (B) Cytotoxicity of in vitro HS201-PDT against E0771 tumor cells. Cells co-incubated with HS201 as in (A) were irradiated with 
laser light (690 nm wavelength) at various doses (0, 5, 10, 30, 60, 120 J/cm2). Cells were further incubated overnight, and MTT assay was performed. OD550 nm 

was analyzed using Bio-Rad plate-reader and shown.  (C) Apoptotic cell death of E0771 cells induced by in vitro HS201-PDT. E0771 cells were incubated with 

HS201 (1 µM) for 30 min at 37C, then washed with fresh medium three times. One hour later, cells were harvested and stained with 7-AAD and FITC-conjugated 
Annexin V. Cells were acquired by LSRII machine and analyzed by FlowJo software. Percentages of each quadrant are shown.
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Supplementary Figure 3. Combination therapy of HS201-PDT and anti-PD-L1 antibody for JC-HER3 tumors in HER3 transgenic 
mice.  A) Anti-tumor effect against JC-HER3 tumors by HS201-PDT and/or anti-PD-L1 Ab in HER3 transgenic mice. JC-HER3 tumor-bearing mice were 

separated into 4 groups; No Treatment, Anti-PD-L1 Ab Alone, HS201-PDT Alone, and Combination groups. N = 8 mice for each group. After the tumor grew 6mm or 

more in diameter, HS201-PDT was performed and anti-PD-L1 Ab or control Ab was administrated intraperitoneally. Laser irradiation is indicated with red arrows.  B) 
HER3 specific T-cell response induced by treatment against JC-HER3 tumor detected by ELISpot assay. HER3 peptide specific IFN-γ production was 
analyzed by ELISPOT assay using splenocytes. HER3 ICD or ECD peptides and HIV peptide were used as stimulating antigens. Results were acquired by ELISpot 

reader system. ELISpot count obtained from splenocytes without stimulating antigen was subtracted from the other ELISpot counts as a background. N = 8 for 
each group. C) Serum anti-HER3 antibody level detected by ELISA. The amount of serum antibodies specific to HER3 protein was assessed by Cell-based 

ELISA using 4T1-HER3 and 4T1 cells. Diluted serum (1:50 to 1:6400 dilution) was added to each well confluent with cells and incubated for 1 h on ice, then fixed 
with 1% formalin. IRDye 800CW anti-mouse IgG antibody was added, incubated at room temperature for 1 h. After wash with PBS, plates were analyzed for nIR
signals using LI-COR ODYSSEY imager at 800nm channel. N = 5 for each group. P values:  *P < 0.05, **P < 0.01, ***P < 0.001.

Supplementary Figure 3
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Supplementary Figure 4. Graph-based clustering of tumor-infiltrating leukocytes and cluster annotation. Established MM3MG-HER2 tumors in 

BALB/c mice were treated with anti-PD-L1 alone, HS201-PDT alone or combination of anti-PD-L1 and HS201-PDT. Seven days after HIFU treatment, tumors were collected, 

enzymatically digested and alive CD45+ tumor-infiltrating leukocytes (TILs) were isolated by flow-based sorting. scRNA-sequencing was performed using Illumina system. 

Sequencing was performed as described in Materials and Methods. (A) Graph-based clustering is shown. (B) Feature plots are shown for cluster annotation. Expression of 

Cd3d, Cd3e, CD8a, CD4, Apoe, Sell, Col3a1 and Ccr7 are shown.

A B

Supplementary Figure 4
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Supplementary Figure 5. Graph-based clustering of tumor-infiltrating T cells and cluster annotation. T cell population identified in cluster 
annotation of whole TILs (Supplementary Fig 2) was re-clustered to identify the subpopulations of T cells. Graph-based clustering of CD3+ CD45+ T cells identified 5 

clusters (upper left panel). Feature plots are shown for cluster annotation of activated, activated/exhausted and exhausted T cell populations. Expression of CD8a, CD4, 

Gzma, Prf1, Ifng, Tnf, Cd274, Pdcd1, Ctla4 and Lag3 are shown.

Supplementary Figure 5

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2022-004793:e004793. 10 2022;J Immunother Cancer, et al. Kaneko K



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2022-004793:e004793. 10 2022;J Immunother Cancer, et al. Kaneko K


	Combination of a novel heat shock protein 90-targeted photodynamic therapy with PD-1/PD-L1 blockade induces potent systemic antitumor efficacy and abscopal effect against breast cancers
	Abstract
	Background
	Methods
	Cell culture
	Reagents and antibodies
	Mice
	In vitro measurement of cellular reagents uptake
	Flow cytometry analysis
	Photodynamic therapy
	IFN-γ ELISPOT
	Antibody detection in serum
	Immunohistochemistry
	Single cell RNA-seq analysis
	Statistical analysis

	Results
	HS201 accumulates in murine BC cells and leads to cell killing after application of PDT
	HS201-PDT-induced significant tumor growth suppression of E0771 murine BC without survival benefit in immunocompromised mice
	HS201-PDT-induced significant tumor growth suppression of E0771 murine BC with survival benefit in immunocompetent mice
	HS201-PDT induces a weak abscopal effect
	HS201-PDT combined with checkpoint blockade induced stronger antitumor immunity and tumor growth suppression
	Combination of HS201-PDT and checkpoint blockade enhanced antigen-specific immune response against MM3MG-HER2 tumors
	TME changes induced by anti-PD-L1, HS201-PDT and their combination
	Combination of HS201-PDT and PD-L1 blockade modulated the systemic immune profile
	Combination of HS201-PDT and checkpoint blockade augmented infiltration of CD8 positive lymphocytes into distant tumors and enhanced the abscopal effect

	Discussion
	References


