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Abstract: Triple negative breast cancer (TNBC) is more aggressive and has a poorer prognosis than other sub-types 
of breast tumors. This study elucidates how aspartate beta-hydroxylase (ASPH) network promotes drug resistance, 
and immunotherapy targeting ASPH may improve the efficacy of Doxorubicin (DOX) therapy. An orthotopic model of 
breast cancer generated by 4T1 cells in immunocompetent mice was used to explore efficacy of immunotherapy in 
combination with DOX chemotherapy. We evaluated mRNA and protein expression in cultured tumor cells and tis-
sue, as well as assessed cell proliferation, apoptosis, soluble factors/cytokine production, immune cell population 
diversity and function. We observed that ASPH expression enables TNBC cells to exhibit primary resistance to DOX 
induced single-/double-strand breaks (SSB/DSB) and enhanced proliferation and survival. Specific bio-nanoparticle 
based therapeutic vaccine (BNP-TV) promoted ASPH uptake by and maturation of DCs. This BNP-TV combined with 
DOX induces immunogenic cell death (ICD) in orthotopic xenograft tumors and significantly suppressed primary 
mammary tumor growth and distant multi-organ metastases. Immunogenic cell death induced by BNP-TV targeting 
ASPH combined with DOX provides opportunities to treat a highly resistant and metastatic form of breast cancer.
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Introduction

Breast cancer is the most common malignancy 
and the second leading cause of mortality in 
women worldwide. In 2018, 2,088,849 new 
cases were diagnosed globally, accounting for 
25.4% of a panoply of cancers (except non- 
melanoma skin cancer) in women. Despite 
advancement in surgery, chemotherapy, target-
ed therapy and radiotherapy, 40,920 patients 
died of advanced breast cancer in 2018 [1]. 
Therefore, it is paramount to explore effective 
therapy to treat aggressive and refractory dis-
ease. Recent emergence of immunotherapy 
has demonstrated potency of the immune sys-
tem as a therapeutic modality for a number of 
human tumors. 

As a classical chemotherapeutic agent for 
breast cancer treatment, DOX inhibits the pro-
gression of topoisomerase II (which relaxes 
supercoils in DNA for transcription) and thus 
impairs macromolecular biosynthesis. The DOX 
stabilizes the topoisomerase II complex after it 
has broken the DNA chain for replication, pre-
venting the DNA double helix from being 
resealed. Intercalation of DOX induces histone 
eviction from transcriptionally active chro- 
matin, leading to deregulated DNA damage 
response, epigenome and transcriptome in 
cancer cells [2]. 

As a form of cell death (apoptosis), ICD is 
caused by cytostatic agents (e.g., anthracy-
clines [3, 4], mitoxantrone, oxaliplatin and bort-
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ezomib), radiotherapy or photodynamic therapy 
[5]. The ICD induces an effective antitumor 
immune response through activation of den-
dritic cells (DCs) and consequent activation  
of specific T cell response. The dying cells 
release damage associated molecular patterns 
(DAMPs) to recruit and activate DCs [6]. The 
activated DCs recruit more immune cells and 
present antigens to naive T cells, which induce 
T cells to differentiate, mature and secrete 
interferon gamma (IFNγ) to destroy tumor cells. 

Bacteriophage display presents foreign amino 
acids (peptides) in immunologically assessable 
form to the immune system [7]. Bacteriophage 
lambda (λ) stably displays fusion proteins on its 
capsid protein, containing copious copies of 
antigenic peptides [8]. The high-density dis- 
play of foreign proteins on bacteriophage λ effi-
ciently demonstrate low-affinity protein-protein 
interactions [8]. 

Notably, ASPH is highly expressed in majority of 
breast cancer, especially in triple negative and 
HER2 amplification subtypes [9]. Importantly, 
exogenous overexpression of ASPH portend 
more aggressive phenotypes and reduces over-
all and disease-free survival of breast cancer 
patients [9]. Mechanistically, ASPH promotes 
tumor cell proliferation, migration, invasion, 
and metastasis [10-12]. Here, we hypothesized 
that an ASPH-based vaccine, in combination 
with doxorubicin, will produce synergistic anti-
tumor immune responses. 

Materials and methods

Cell lines 

Human (MDA-MB-231 and SK-BR-3) or murine 
(4T1) breast cancer cell lines were purchased 
from American Type Culture Collection. Cells 
were cultured at 37°C in a humidified atmo-
sphere containing 5% CO2 in corresponding 
medium supplemented with 2 mM glutamine, 
10% FBS and antibiotics (penicillin and  
streptomycin). Stable MDA-MB-231 cell lines 
(Figure 1A) overexpressing ASPH or empty  
vector were established using the lentiviral  
system (GeneCopoeia, #EX-Z8758-Lv105). 
ASPH knock-down (“KD”) SK-BR-3 cell lines 
(Figure 1B) were established using plasmids 
pLKO.1-shRNA-luciferase (shLuc) and pLKO.1-
shRNA-ASPH from Dharmacon (Lafayette, CO).

Antibodies and reagents

The rabbit polyclonal antibody of ASPH and a 
small molecular inhibitor (1182) of ASPH enzy-
matic activity were developed as previously 
described [13]. Doxorubicin was purchased 
from Pfizer Inc. The α-ketoglutarate (α-KG), 
Bouin’s fixative solution, thiazolyl blue tetra- 
zolium blue (MTT) and methylene blue were 
purchased from Sigma-Aldrich (St. Louis, MO). 
Antibodies used for Western blot assays are 
listed in Table 1. The ASPH-based λ phage  
vaccine (BNP-TV) has been developed and syn-
thesized by Sensei Therapeutics as described 
previously [14]. In brief, a bacteriophage λ sys-
tem was designed to display ASPH fused at 
C-terminus of capsid protein gpD. Due to limita-
tions on the size of DNA that can be incorpo-
rated into viable λ phage, ASPH sequence was 
divided to 3 segmented allowing for proper dis-
play of ASPH peptides on λ head. This study 
focuses on both N- and C-terminal regions of 
ASPH protein, designated as ASPH constructs 
λ1 and λ3, respectively. Using specific oligo 
primers, 3 segments were amplified from the 
ASPH gene. The oligo sequence of primer was 
modified to produce restriction sites for Nhe I 
and Bssh II enzymes at the end of each seg-
ment. After restriction enzyme digestion, this 
segment was inserted at NheI-BsshII site of  
the 3’ end of a DNA segment encoding GpD 
under the control of lac promoter. These  
constructs were created in donor plasmid 
pVCDcDL1A, with loxPwt and loxP511 se- 
quences. Cre-expressing E. coli was trans-
formed with recombinant plasmids and subse-
quently infected with recipient λ phage DL1 
(λ-DL1) that carried a stuffer DNA segment 
flanked by loxPwt and loxP511 sites. Re- 
combination occurred in vivo at the lox sites, 
and then Ampr cointegrates were formed, 
which spontaneously lysed E. coli and released 
products in culture media. These cointegrates 
produced recombinant phages that display 
ASPH peptides fused at C-terminus of GpD. 
Recombination with unmodified pVCDcDL3 
alone yielded control phage particles without 
display of ASPH peptides.

Real-time quantitative PCR (RT-qPCR)

Cells were lysed with 1 ml TRIzol (Thermo  
Fisher Scientific, #15596026) at room temper-
ature for 30 min. Total RNA was extracted from 
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Figure 1. ASPH mediates resistance to Doxorubicin by enhancing proliferation in breast cancer cells. (A) Stable MDA-MB-231 cell lines overexpressing ASPH vs. 
empty vector. (B, C) Growth curves of MDA-MB-231 cell lines in response to DOX as measured by MTT assays. (D) Dynamic changes in biomarkers for cell cycle 
progression (proliferation) in response to DOX in MDA-MB-231 cell lines. (E-I) Quantification of elements expression at mRNA and protein levels by qPCR or Western 
blot. (I) Quantification (normalized to α-tubulin) of PCNA protein expression in (D), which is dynamically changed over time. (J) Knocking-down ASPH in SK-BR-3 
cell lines. (K, L) Growth curves of SK-BR-3 cell lines in response to DOX as measured by MTT assays. (M) Dynamic changes in biomarkers for cell cycle progression 
(proliferation) in response to DOX in SK-BR-3 cell lines. (N) Quantification of elements expression in (M). (O-S) Growth curves of breast cancer cell lines in response 
to DOX, α-Ketoglutarate, SMI alone or in combination as measured by MTT assays. *P<0.05; **P<0.01; ***P<0.001 compared to corresponding control. Data were 
expressed as mean ± SD calculated from each experiment performed in triplicate under each condition.
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lysed cells according to the manufacture’s 
instruction. 1 µg of total RNA was used to per-
form reverse transcription with iScript™ cDNA 

α-tubulin served as internal control. Protein 
expression was developed by enhanced chemi-
luminescence ECL Western blotting system 

Table 1. Reagents used in this study
Reagent Company Cat log#
ASPH Homemade
r-H2AX Cell Signaling Technology 9718
GADD45a Cell Signaling Technology 4632
Cleaved PARP Cell Signaling Technology 5625 and 94885
PCNA Abcam ab92552
Cyclin D1 Cell Signaling Technology 2978
Cyclin E Thermo Fisher Scientific MA5-14336
Bcl-2 Cell Signaling Technology 3498
Bcl-xL Cell Signaling Technology 2764
Cleaved caspase-3 (Asp175) Cell Signaling Technology 9661
p-Mre11 (Ser676) Cell Signaling Technology 4859
Mre11 Cell Signaling Technology 4895
p-Rad50 Cell Signaling Technology 14223
Rad50 Cell Signaling Technology 3427
p-NBS1 (Ser343) Cell Signaling Technology 3001
NBS1 Cell Signaling Technology 3002
p-ATM (Ser1981) Cell Signaling Technology 5883
ATM Cell Signaling Technology 2873
p-AMPK (Thr172) Cell Signaling Technology 2531
HIPK2 Cell Signaling Technology 5091
p-P53 (Ser46) Cell Signaling Technology 2521s
P53 Cell Signaling Technology 9282
eIF2A Thermo Fisher Scientific 44-728G
Calreticulin Thermo Fisher Scientific PA3-900
HMGB1 Thermo Fisher Scientific PA5-27378
LRP1 Thermo Fisher Scientific No. 37-7600
TLR4 Thermo Fisher Scientific No. 710185

Synthesis Kit (Bio-Rad, #17- 
08891). The primers (Table 
2) were used to amplify the 
genes of interest. The RT- 
qPCR reactions were per-
formed with SYBR green 
master mix reagent. Relative 
changes in gene expression 
were analyzed with 2-ΔΔCT 
protocol.

Western blotting 

Tumor tissues and cells were 
lysed with radioimmunopre-
cipitation buffer (Thermo 
Fisher Scientific, #89901) 
and quantified with Pierce 
BCA Protein Assay Kit (Ther- 
mo Fisher Scientific, #23- 
225). Protein samples (50 
µg) were mixed with loading 
buffers, boiled at 100°C for  
5 min, and immediately 
cooled down on ice for 5  
min. To detect ATM/p-ATM 
(Ser1981), 6% SDS-PAGE  
gel was adopted to resolve 
samples, whereas 8% gels 
for Rad50 and HIPK2, 10% 
gels for ASPH, Mre11/p- 
Mre11 (Ser676), NBS1/p-
NBS1 (Ser343), cleaved PA- 
RP, p-AMPK (Thr172) and  
calreticulin, 12% gel for Cy- 
clin E, Cyclin D1, p-P53 
(Ser46), PCNA, Bcl-2, Bcl-xl, 
GADD45α and p-eIF2A (Ser- 
52); 15% gel for γ-H2AX, 
cleaved caspase-3 and HM- 
GB1. The primary antibodies 
were diluted at a ratio of 
1:1000 to cover the PVDF 
membranes and incubated 
overnight at 4°C. The second-
ary antibodies were anti-
mouse-conjugated with HRP 
(Santa Cruz Biotechnology, 
1:3000) and anti-rabbit-con-
jugated with HRP (Santa Cruz 
Biotechnology, 1:5000). The 

Table 2. Primers for RT-qPCR assays
Gene Name species Label Primer Sequence
PCNA Human h-PCNA-F CCTGCTGGGATATTAGCTCCA
PCNA Human h-PCNA-R CAGCGGTAGGTGTCGAAGC
MKI67 Human h-MKI67-F GCCTGCTCGACCCTACAGA
MKI67 Human h-MKI67-R GCTTGTCAACTGCGGTTGC
cyclin D1 Human h-CCND1-Q-F (Ex1-2) CCTCGGTGTCCTACTTCAAATG
cyclin D1 Human h-CCND1-Q-R (Ex1-2) CACTTCTGTTCCTCGCAGAC
cyclin E Human h-CCNE1-F GCCAGCCTTGGGACAATAATG
cyclin E Human h-CCNE1-R CTTGCACGTTGAGTTTGGGT
HRK Human h-HRK-F GGCAGGCGGAACTTGTAGGAAC
HRK Human h-HRK-R TCCAGGCGCTGTCTTTACTCTCC
BIM Human h-Bim-F TAAGTTCTGAGTGTGACCGAGA
BIM Human h-Bim-R GCTCTGTCTGTAGGGAGGTAGG



Immunogenic cell death and breast cancer metastasis

4146	 Am J Cancer Res 2021;11(9):4141-4174

(Thermo Fisher Scientific, #34096). The rela-
tive density of bands was analyzed by NIH 
ImageJ software.

MTT

Breast cancer cells were seeded into 96-well 
plates (3000 cells/well), allowed to attach for 
24 h, and treated with α-KG (25 µM), doxorubi-
cin (3 μM for MDA-MB-231; 6 μM for SK-BR-3 
and 4T1), or 1182 (1 μM). Culture medium was 
changed daily for 5 days. The MTT solution was 
prepared with sterile PBS (5 mg/ml). The MTT 
solution was diluted (1:10) into culture medium. 
Culture media with MTT solution were added to 
96-well plates and incubated for 1 h. The solu-
tion containing dissolved MTT crystal with 
DMSO was measured at OD570 nanometer. 
The relative cell growth rate was calculated 
using the values at OD570. The relative absor-
bance of each well = absolute absorbance/con-
trol. All experiments were performed in tripli-
cate wells for each condition and repeated in 
triplicate.

TUNEL

The TUNEL Colorimetric IHC Detection Kit 
(Thermo Fisher Scientific, #C10625) was us- 
ed. Deparaffinize tissue section in 1× PBS was 
incubated with proteinase K for 10-20 min at 
room temperature. The slides were washed in 
1× PBS for 3 times and incubated with TdT  
reaction buffer for 10 min at 37°C. Then, 50 μl 
TdT reaction mixture was added to slides and 
incubated for 60 min at 37°C. The TdT reaction 
was quenched with endogenous peroxidase 
enzymes. The slides were washed with TUNEL 
wash solution and incubated with TUNEL reac-
tion mixture for 30 minutes at 37°C. The slid- 
es were washed and streptavidin-peroxidase 
conjugate were added to completely cover the 
samples at room temperature for 30 min. The 
slides were washed and 100 μl 1× DAB reac- 
tion mixture was added to cover the samples 
for 2 min at room temperature. Hematoxylin 
(H-3404, Vector Laboratories Inc.) was used to 
counterstain. Images were analyzed by NIH 
ImageJ software. All experiments were per-
formed in triplicate wells for each condition and 
repeated in triplicate.

Enzyme-linked immunosorbent assay (ELISA)

Whole blood was collected from the heart after 
euthanasia and centrifuged at 3000 rpm for 20 

min. Serum samples were collected and  
frozen at -20°C. The IFNγ ELISA Kit (Thermo 
Fisher Scientific, #KMC4021) and HMGB1 
ELISA Kit (Aviva Systems Biology, #OKCD- 
04072; #OKCD04074) were applied to serum 
or supernatant of cell culture after serial dilu-
tions (1:4). Then, 100 μL of standard, control, 
or samples were added to each well and  
incubated for 2 h at room temperature. The 
solution was thoroughly aspirated and wells 
washed for 4 times with 1× PBS buffer. 
Immediately, 100 μL mouse IFN-γ biotin conju-
gate solution was added into each well and 
incubated for 1 h at room temperature. 100 μL 
1× streptavidin-HRP solution was added into 
each well and incubated for 30 min at room 
temperature. Each well was washed and 100 
μL stabilized chromogen was added to develop. 
The absorbance was read at 450 nm after  
adding stop solution. The concentrations of 
samples were calculated according to the stan-
dard curve. All experiments were performed in 
triplicate wells for each condition and repeated 
in triplicate.

Immunohistochemistry (IHC) & immunofluores-
cence (IF)

Tumor cells were seeded on coverslip embed-
ded with glycine, fixed in 4% formaldehyde  
and stained. Tumor tissues were fixed in 4% 
formaldehyde, embedded in paraffin, and pre-
pared into 4-μm-thick slices. The antigen was 
retrieved and endogenous peroxidase activity 
was quenched through a 30-minute treatment 
in methanol with 3% hydrogen peroxide. Non-
specific antigen was blocked for 1 h. The slices 
were incubated with primary antibodies over-
night at 4°C. After a rinse, HRP (Vector 
Laboratories, #PK4001 and #PK-6102) or fluo-
rescent second antibody (Thermo Fisher Sci- 
entific, #RMG101 and #A24538) was added 
into the slices and incubated for 1 h. For IF,  
the slices were mounted with DAPI (Vector 
Laboratories, #H-1800) and observed under a 
fluorescence microscope. For IHC, the slices 
were incubated with peroxidase-labeled for 30 
minutes, secondary antibody developed with 
DAB Kit (SK-4100, Vector Laboratories) and 
counterstained with hematoxylin. For quantita-
tion, 5 microscopic fields were randomly select-
ed at 400× magnification. Images were ana-
lyzed by ImageJ software (National Institutes of 
Health, Bethesda, Maryland, USA, https://
imagej.nih.gov/ij/).
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Orthotopic murine models of breast cancer

This study has been approved by the In- 
stitutional Animal Care and Use Committee at 
Rhode Island Hospital. Totally 40 female, 
6-8-week-old BALB/c mice (Charles River 
Laboratories, Wilmington, MA) were randomly 
divided into four groups (n=10/group): control, 
DOX, Vaccine and DOX+Vaccine (combination). 
4T1 cells (5×104/50 µl PBS) were subcu- 
taneously inoculated into the right forth mam-
mary fat pad of mice. From day 7, mice in 
Vaccine and combination groups simultane-
ously received λ phage particles (1×1010 pfu) 
suspended in 100 μL of PBS into the base of 
tails, once a week for 4 weeks. From day 15 
after inoculation, doxorubicin (1 mg/kg) or PBS 
(control) was intraperitoneally (i.p.) adminis-
tered in DOX and DOX+Vaccine groups three 
times a week for 4 weeks. Body weight and 
tumor volume ( 2

width widthlengh # # ) were measured 
twice a week. At 7 weeks after inoculating 4T1 
cells, mice were euthanized; whole blood, pri-
mary tumors, lungs, spleen and other tissue 
samples were harvested. The number and size 
of macro-metastatic lesions in the lungs 
(immersed in Bouin’s fixative solution) were 
counted and measured. Serum samples were 
collected following centrifugation and stored at 
-80°C. Tumors were excised and fixed with 10% 
formalin for IHC analysis. 

In vitro cytotoxicity 

Spleen tissues of BALB/c mice from control 
and Vaccine groups were dispersed into cell 
suspension. Lysis solution buffer was applied 
to delete erythrocytes. The isolated spleen 
cells were co-cultured with 4T1 cells for 5 h. 
Lymphocytic cytotoxicity was measured with a 
detection kit (Sigma-Aldrich, #4744926001) as 
described previously [15]. 

Flow cytometry

Isolated splenocytes (1×106 cells/mL) from the 
4T1 tumor bearing mice were re-stimulated 
with 0.4 μg/ml rASPH ± 2×108 pfu/ml λ phage 
particles in vitro for 4 days. Then, the spleno-
cytes were collected, washed and immunophe-
notyped by using the following anti-mouse 
monoclonal antibodies: CD3-eFluor 450, CD4-
FITC (Thermofisher Scientific), and CD8a-
APC-H7 (BD Biosciences). Appropriate isotype 

controls were used for analysis. After staining, 
the cells were assessed by a BD FACSAriaTM II 
Flow Cytometer (BD Biosciences, San Jose,  
CA, USA). Dead cells were excluded by using a 
LIVE/DEAD® Viability Kit (Invitrogen). Antigen 
specific CD4+ or CD8+ T cells were analyzed 
with a Flowjo software (Tree Star Inc., Ashland, 
OR)9. 

Statistical analysis

All statistical analyses were performed using 
SPSS software (version 22.0). Differences 
between two groups were evaluated by stu-
dent’s t or Fisher’s Exact tests unless other-
wise stated. Equality of variance was examined 
using the F-test. A p value <0.05 (2-tailed) was 
considered statistically significant.

Results

ASPH mediates resistance to DOX

Proliferating cell nuclear antigen (PCNA), a DNA 
clamp, acts as a processivity factor for DNA 
polymerase δ and is essential for replication. 
The Ki-67 nuclear protein is a cellular marker 
for proliferation. Cellular content of Ki-67 mark-
edly increases during cell progression through 
S phase of the cell cycle. Cyclins function as 
regulators of CDKs (Cyclin-dependent kinase). 
For example, Cyclin D1, a regulatory subunit  
of CDK4/CDK6, is required for progression 
through G1 phase of cell cycle. Cyclin D1  
dimerizes with CDK4/6 to regulate G1/S phase 
transition and entry into S-phase. Cyclin D1 
overexpression correlates with early cancer 
onset and tumor progression. Cyclin D1 spurs 
oncogenesis by increasing angiogenesis, in- 
ducing chemotherapeutic resistance as well  
as protecting from apoptosis. Cyclin E binds  
to G1 phase CDK2, which is required for the 
transition from G1 to S phase of the cell cycle 
that determines initiation of DNA duplication. 
Overexpression of cyclin E correlates with 
tumorigenesis. Firstly, we explored if ASPH 
could affect sensitivity vs. resistance to DOX in 
breast cancer. As a result, ASPH generated 
resistance to DOX mediated cytotoxicity (Fig- 
ure 1A-C) and promoted cell proliferation by 
upregulating PCNA and Ki67 expression at 
mRNA and protein levels as measured by qPCR 
and Western blot, respectively, in MDA-MB- 
231 (Figure 1D-I). Consistently, “KD” of ASPH 
increased sensitivity to DOX (Figure 1J-L) by 
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downregulating cyclin D1 (cyclin E to a less 
extent) in SK-BR-3 at mRNA and/or protein lev-
els (Figure 1M, 1N). α-ketoglutarate (α-KG, a 
substrate of ASPH, acting as a potential stimu-
lator of ASPH enzymatic activity) and a 3rd gen-
eration small molecule inhibitor (SMI) [13, 16] 
of ASPH enzymatic activity (1182) were app- 
lied. Interestingly, SMI (1 μM) but not α-KG (50 
μM) specifically rescued sensitivity to DOX  
(3 or 6 μM) in breast cancer cells with endoge-
nous or exogenous ASPH (Figure 1O-S). Thus, 
ASPH enzymatic activity is required for mediat-
ing chemoresistance to DOX. Inhibition of 
ASPH’s β-hydroxylase activity may contribute to 
vulnerability of breast cancer cells to cytotoxic-
ity exerted by DOX. 

ASPH inhibits DNA damage response to single- 
and double-strand breaks and impairs apopto-
sis induced by DOX 

Double-strand breaks (DSBs), in which both 
strands in the double helix are severed, are  
particularly hazardous due to genome rear-
rangements. H2A histone family member X 
(H2AX) contributes to nucleosome-formation, 
chromatin-remodeling and DNA repair, which is 
used in vitro as an assay for DSBs in dsDNA. 
Phosphorylated γH2AX (140S) forms immedi-
ately in response to DSBs. Double-strand 
breaks, in which both strands in the double 
helix are severed, are particularly hazardous to 
the cell because they can lead to genome rear-
rangements. Three machineries are applied  
to repair double-strand breaks (DSBs): non-
homologous end joining (NHEJ), microhomolo-
gy-mediated end joining (MMEJ), and homolo-
gous recombination (HR). We thus examined if 
ASPH could modify DOX induced DNA damage 
and repair process in breast cancer. 

Accordingly, DSBs were accumulated in 
response to DOX as demonstrated by a sub-
stantial increase in γ-H2AX in MDA-MB-231 or 
4T1 cells with endogenous ASPH, respectively 
(Figure 2A, 2B). Growth arrest and DNA-
damage-inducible protein GADD45A is an indi-
cator of DNA damage, with its transcription 
upregulated following stressful growth arrest or 
DNA-damaging agents. GADD45A, an inducer 
of HR at DSBs, and cleaved PARP1 (Poly (ADP-
Ribose) Polymerase 1), as an initiator of single-
stand breaks (SSBs) repair, were induced at 
early (at 1 h after treatment) vs. late (at 4-8 h) 
stage in response to DOX (Figure 2C, 2D). 

Genome instability is a hallmark of cancer, 
which is accelerated by defects in cellular 
responses to DNA damage. Through interact- 
ing with components, MRE11-RAD50-NBS1 
(MRN) complex plays a crucial role in sensing 
and repair of DNA damage. As a sensor for  
DNA damage (DSBs) induced by DOX, MRE11, 
RAD50 and NBS1 were phosphorylated and 
formed an active MRN complex in MDA-MB- 
231 Vector cells with endogenous ASPH. In 
contrast, this active form of MRN complex was 
not active in the presence of exogenous ASPH 
(Figure 2E-G). Active MRN complex recruited 
ATM (ataxia-telangiectasia mutated kinase) 
with endogenous ASPH, which was subse-
quently activated and thus activated (phos-
phorylated) P53 through HIPK2 (homeodomain 
interacting protein kinase 2) and AMPK (5’  
adenosine monophosphate-activated protein 
kinase) (Figure 2H-P). 

Exogenous ASPH attenuated genomic lesions 
as a net effect. ASPH suppressed sensors and 
executors for error-free DSBs repair system 
(e.g., HR [17]) or SSBs repair system (Fig- 
ure 3A, 3B). When ASPH was knocked-down, as 
a net effect, γ-H2AX were accumulated gradu-
ally and substantially due to reduced DSBs 
repair (Figure 3A-D). GADD45A, an inducer of 
HR at DSBs, and cleaved PARP1, as an initiator 
of SSBs repair, were induced at early (at 1 h 
after treatment) vs. late (at 4-8 h) stage in 
response to DOX. The active MRN complex was 
recovered when ASPH was knocked-down in 
SK-BR-3 cells (Figure 3A, 3E-G). This pattern 
was inhibited by exogenous high levels of  
ASPH. “KD” of ASPH recovered this MRN com-
plex-ATM-P53 cascade (Figure 3A, 3H-K). HRK 
(activator of apoptosis hara-kiri) regulates 
apoptosis through interaction with death-
repressor proteins Bcl-2 and Bcl-X(L). BIM (Bcl-
2-like protein 11) interacts with BCL2, BCL2L1/
BCL-X(L) and MCL1, to act as an apoptotic acti-
vator. In the presence of endogenous ASPH, 
this cascade could also induce apoptosis as 
demonstrated by upregulation of cleaved cas-
pase-3, HRK and BIM (Figure 3L-Q). 

By contrast, downregulation of major pro-apop-
totic components and upregulation of anti-
apoptotic elements were mediated by endoge-
nous or exogenous high levels of ASPH (Figure 
4A-G). Accordingly, “KD” of ASPH rescued pro-
apoptotic pattern in SK-BR-3 cells (Figure 
4H-L). Therefore, ASPH mediated resistance to 
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Figure 2. ASPH mediates resistance to doxorubicin induced DNA damage response. (A) ASPH downregulates major components of error-free DNA damage repair 
machinery in response to DOX, including sensors and executors of DNA DSB or SSB repair system (e.g., HR). ASPH results in collapse of active/functional MRN com-
plex and renders anti-apoptosis. (B-K) Quantification of dynamic changes in expression profiling of components in (A). (L) Biomarkers for DOX induced DNA damage 
response in 4T1. (M-P) Quantification of elements expression in (L). *P<0.05; **P<0.01; ***P<0.001 compared to corresponding control. Data were expressed as 
mean ± SD calculated from each experiment performed in triplicate under each condition.
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Figure 3. ASPH mediates resistance to doxorubicin induced DNA damage response in SK-BR-3 cells. (A) ASPH downregulates major components of error-free DNA 
damage repair machinery in response to DOX, including sensors and executors of DNA DSB or SSB repair system (e.g., homologous recombination). ASPH causes 
collapse of active/functional MRN complex and renders anti-apoptosis. This inhibition is reversed by ASPH knocking-down. (B-K) Quantification of dynamic changes 
in expression profiling of components in (A). (L-O) Dynamic changes in expression profiling of major components involved in apoptosis in response to DOX in 4T1. (P, 
Q) Upregulation of cleaved caspase-3 overtime in response to DOX as measured by IHC in 4T1. *P<0.05; **P<0.01; ***P<0.001 compared to corresponding control. 
Data were expressed as mean ± SD calculated from each experiment performed in triplicate under each condition.
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DOX by fostering proliferation and survival and 
impeding apoptosis (Figure 4M, 4N).

Immunogenic cell death (ICD) induced by DOX

ICD/immunogenic apoptosis is characterized 
by apoptotic morphology, maintenance of mem-
brane integrity, resulting in a regulated activa-
tion of host immune response. Endoplasmic 
reticulum (ER) stress is generally recognized as 
a causative agent for ICD, with high production 
of reactive oxygen species (ROS). We explored 
if ASPH could be involved in regulating DOX-
induced ICD in breast cancer.

Calreticulin is a multifunctional soluble protein 
that binds Ca2+ ions (a second messenger in 
signal transduction), rendering it inactive. 
Calreticulin binds to misfolded proteins and 
inhibits their export from endoplasmic reticu-
lum to Golgi apparatus. Eukaryotic translation 
initiation factor 2 subunit 1 (eIF2α) catalyzes 
an early regulated step of protein synthesis ini-
tiation. Phosphorylation of eIF2α triggers cyto-
chrome c release from mitochondria during 
apoptosis. Extracellular high-mobility group 
box1 (HMGB1) functions as prototypical alarm-
in to activate innate immunity, upon actively 
released from cells or passively released upon 
cell death. Toll-like receptor 4 (TLR4) and  
receptor for advanced glycation endproducts 
(RAGE) operate as the main HMGB1 receptors. 

In response to DOX induced DNA damage, 
eIF2α was phosphorylated and upregulated to 
initiate ICD in dying DOX sensitive cancer cells 
with endogenous ASPH (Figure 5A, 5B). The 
level of p-eIF2α reached peak at 8 h in cells 
with low endogenous ASPH vs. at 12 h (delay- 
ed) in cells with high exogenous ASPH. This 
active eIF2α intensified dying cells to se- 
crete damage-associated molecular patterns 
(DAMPs), such as calreticulin (CALR), ATP and 
HMGB1 (Figure 5C-E). Secreted HMGB1 was 
identified by ELISA using supernatant from  

cell culture (Figure 5K-M). The expression of 
DAMPs from cell lysate was induced by exoge-
nous or endogenous ASPH in DOX sensitive 
cells; whereas reduced or delayed by “KD” of 
ASPH (Figure 5F-J, 5L, 5M). The expression of 
acetylated HMGB1 reached peak at 2 h in cells 
with endogenous high ASPH vs. at 12 h 
(delayed) in cells with ASPH KD cells. The 
release of HMGB1 was induced by high ASPH 
and accordingly, reduced by ASPH-KD.

Combinatory therapy inhibits primary mamma-
ry tumor growth and pulmonary metastases in 
orthotopic xenograft murine models 

To explore if immunotherapy targeting ASPH 
antigen either alone or in combination with che-
motherapy could suppress tumor development 
and progression, an orthotopic xenograft 
murine model of breast cancer using 4T1 was 
established in immunocompetent BALB/c  
mice (Figure 6A). Compared to control group, 
primary mammary tumor growth was sup-
pressed to the most extent by combinatory 
therapy (DOX+Vaccine), followed by DOX or 
Vaccine alone (Figure 6B-F). The 4T1 cells  
with highly aggressive and invasive capability 
rapidly generated multiple pulmonary metasta-
ses in BALB/c mice. Pulmonary metastases 
were identified at a high frequency (Figure 6G). 
Other common metastatic sites include liver, 
adrenal glands, kidney, and lymph nodes. 
Importantly, combined application of DOX and 
vaccine produced the highest suppression  
rate on pulmonary metastases, followed by 
Vaccine or DOX alone (Figure 6H, 6I). 
Histopathological characteristics of these 
tumors demonstrated densely arrangement 
with high-grade nuclear atypia, and a high-
index of ASPH expression in both primary and 
metastatic lesions (Figure 6J, 6K). Notably, 
lymphatic metastases were observed adjacent 
to the right iliac vessel system (Figure 7A, 7B), 
which was substantially attenuated by Vaccine 
or combinatory therapy (Figure 7C).

Figure 4. ASPH mediates anti-apoptosis in response to doxorubicin. A-L. Anti-apoptotic (BCL-2 and BCL-XL) com-
ponents are upregulated, whereas pro-apoptotic (HRK, cleaved caspase-3 and BIM) are downregulated at mRNA 
and/or protein levels by ASPH at early stage in response to DOX. E, L. Pro-apoptotic cleaved caspase-3 is down-
regulated by ASPH, which is reversed by ASPH knocking-down as measured by IHC. M, N. Hypothetic role of ASPH 
in doxorubicin induced DNA damage response and apoptosis in breast cancer. M. Cellular response to DNA double 
strand breaks (DSBs) caused by doxorubicin in breast cancer cells highly expressing ASPH. N. Cellular phenotypic 
consequences of doxorubicin therapy are multifacetedly distorted by ASPH as a mechanism of drug-resistance. This 
scenario is expected to be substantially reversed when ASPH’s oncogenic property is inhibited/blocked, which may 
convert breast cancer cells from survival to death. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 compared to cor-
responding control. Data were expressed as mean ± SD calculated from each experiment performed in triplicate 
under each condition.
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Figure 5. ASPH mediates resistance to doxorubicin induced immunogenic cell death (ICD). A-J. Dynamic changes in expression profiling of ER stress marker 
(p-eIF2α), Eat me signal calreticulin (CALR) and a ligand (HMGB1) on cancer cells of TLR4 receptor on DCs in response to DOX in MDA-MB-231 or SK-BR-3 cells. 
K-M. Release of HMGB1 into condition medium by different breast cancer cells in response to DOX. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 compared to cor-
responding control. Data were expressed as mean ± SD calculated from each experiment performed in triplicate under each condition.
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Figure 6. Synergistic antitumor 
effects of doxorubicin combined 
with ASPH-based λ phage vaccine 
in an orthotopic murine breast 
cancer model. A. Scheme for es-
tablishing an orthotopic breast 
cancer model using BALB/c mice. 
Animals were randomly divided 
into 4 groups (n=10 mice per 
group). B. Gross appearance of 
mammary lesions in represented 
mice from different experimental 
groups. C. Tumor volume in mice 
from different groups. D. Gross 
appearance of primary mammary 
tumors in represented mice from 
different groups. Scale bar, 1 mm. 
E. Tumor weight of mice from dif-
ferent groups. F. Ratio of tumor 
weight vs. body weight of mice 
from different groups. G. Gross 
appearance of involved lungs of 
represented mice from different 
groups. H. Maximum diameters 
of macro-metastatic pulmonary 
lesions of mice from different 
groups. I. Number of macro-met-
astatic pulmonary lesions of mice 
from different groups. J, K. Histol-
ogy features and ASPH expression 
patterns of primary mammary tu-
mors and pulmonary metastases 
in represented mice from differ-
ent groups. *P<0.05; **P<0.01; 
***P<0.001; ****P<0.0001 com-
pared to corresponding control 
(Student’s t-test). Data are pre-
sented as mean ± SD calculated 
from each experiment performed 
in triplicate under each condition.
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Figure 7. Multi-organ metastasis of a murine model of breast cancer. (A) Gross appearance of primary and metastatic tumors in various organs from control group. 
(B) Histology features of (A). (C) Lymphatic metastasis in different groups. *P<0.05; **P<0.01; ***P<0.001 compared to corresponding control (Student’s t-test). Data 
are presented as mean ± SD calculated from each experiment performed in triplicate under each condition.
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Combinatory therapy inhibits proliferation and 
promotes apoptosis in vivo

We next explored if ASPH axis mediated resis-
tance to DOX could be reversed by immuno-
therapy targeting ASPH antigen. The accu- 
mulation of γ-H2AX was increased to the most 
extent in response to DOX, followed by Vaccine 
alone or combination treatment. GADD45A  
and cleaved PARP1 were upregulated in 
response to DOX or combination treatment 
(Figure 8A). Blockade of tumor growth was 
attributed to reduced proliferation, as demon-
strated by downregulated PCNA, cyclin D1 and 
cyclin E (Figure 8B); and boosted apoptosis, as 
clarified by upregulated pro-apoptotic cleaved 
caspase-3, downregulated anti-apoptotic BCL-
XL and BCL-2 (Figure 8C), as well as increased 
number of dead cells, as quantified by immuno-
fluorescent and TUNEL staining (Figure 8D, 8E). 

Combinatory therapy induces ICD in vivo

We further tested if immunotherapy targeting 
ASPH antigen could rescue and even enhance 
DOX induced ICD. Combinatory therapy sub-
stantially enhanced ICD as highlighted by 
upregulation of p-eIF2A, CALR and HMGB1 in 
tumor tissues (Figure 9A, 9B). Subcellular  
localization of active eIF2A in nucleus (Figure 
9C, 9D) promoted translation initiation of  
CALR (Figure 9E, 9F) and HMGB1 (Figure 9G). 
Exposure of “eat me” signal CALR on the sur-
face in both primary mammary tumors and  
pulmonary metastatic lesions and augmented 
serum levels of HMGB1 (Figure 9H) promoted 
ICD as further clarified by substantially elevat-
ed levels of serum INFγ (Figure 9I). The level of 
INFγ was enhanced up to 2323 pg/ml (3.27-
fold increase than control) in response to com-
binatory therapy. 

Combinatory therapy magnifies anti-cancer 
immune response in vivo

Finally, we validated molecular mechanisms 
underlying how immunotherapy targeting ASPH 
antigen could reinvigorate host anti-tumor 
response. Combinatory therapy successfully 
magnified anticancer immune response as elu-
cidated by in vitro cytotoxicity assay (Figure 
10A). Compared to control group, lymphocytes 
(containing CTLs) of mice from Vaccine group 
efficiently killed 4T1 cells when co-cultured at  
a ratio of 20:1 (Figure 10B). After immunized 

with ASPH-based λ phage vaccine for 4-8 
weeks, cytotoxicity of lymphocytes was further 
amplified (1.11% vs. 43.9%). 

LRP1 is ER chaperone-sensing pattern recogni-
tion receptors (PRRs) expressed by antigen-
presenting cells such as dendritic cells (DCs). 
The LRP1 mediates endocytosis of CALR and 
promotes the engulfment of cellular corpses 
and debris. Mechanically, combinatory therapy 
boosted antigen uptake and maturation of  
DCs by upregulating PRRs such as LRP1 (LDL 
receptor related protein 1; a receptor for CALR) 
and TLR4 (a receptor for HMGB1) in primary 
mammary tumors and pulmonary metastases 
(Figure 10C). Thus, increased CALR-LRP1 and 
HMGB1-TLR4 interactions between tumor cells 
and DCs prompted CD3+ T cell recruitment 
(tumor infiltrated lymphocytes [TILs]) and prim-
ing (Figure 10D). 

ASPH-based λ vaccine supported DCs matura-
tion in secondary lymphatic tissues such as the 
spleen (Figure 11A). Combinatory therapy also 
efficiently recruited maturated DC and TILs to 
pulmonary metastatic lesions (Figure 11B). 
Consequently, clonal expansion of T cells led to 
tumor lysis attributed to effector CD4+ Th1 and 
CD8+ CTLs (Figure 11C, 11D). 

Colony stimulating factor 1 receptor (CSF1R)/
macrophage colony-stimulating factor receptor 
(M-CSFR), a tyrosine kinase transmembrane 
protein, acts as the receptor for colony stimu-
lating factor 1 (CSF1), a cytokine that controls 
the production, differentiation, and function  
of macrophages. CSF1R is overexpressed in 
many cancers and on tumor-associated macro-
phages (TAM). Importantly, in the control group, 
ASPH overexpression on the surface of tumor 
cells in primary mammary growth may have 
been protected from immune system attack by 
recruiting immunosuppressive CSF1R+ type 2 
macrophage (M2) in tumor microenvironment 
as a physical barrier to DCs and TILs (no CD3+ 
TILs could be detected). By contrast, in the 
combinatory group, TILs were infiltrated into 
tumors when no M2 barrier existed (Figure 
12A, 12B).

Discussion

In breast cancer, a high level of ASPH mediates 
resistance to DOX by stimulating cell prolifera-
tion and inhibiting DNA damage response 
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Figure 8. Dynamic changes in expression profiling of major components involved in DNA damage (DSB and SSB) response, proliferation and apoptosis in tumor 
tissues in representative mice from different groups. A. Expression profiling of elements involved in DSB and SSB repair pathways. B. Expression profiling of prolifera-
tion markers. C. Expression profiling of pro- and anti-apoptotic factors. D. Expression of cleaved caspase-3 by IF. E. Apoptosis of tumor cells in mice from different 
groups. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 compared to corresponding control. Data were expressed as mean ± SD calculated from each experiment 
performed in triplicate under each condition.
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Figure 9. Key elements involved in ICD in mice from different groups. (A, B) Dynamic changes in expression profiling of ER stress marker (eIF2α), “Eat me signal” 
calreticulin (CALR) and HMGB1 on tumor cells, a ligand of TLR4 on dendritic cells (DCs). (C) Expression and subcellular localization of ICD components in mice from 
different groups. (D-G) Quantification of (C). (H, I) Release of HMGB1 and IFNγ in mice’s serum from different groups. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 
compared to corresponding control (Student’s t-test). Data are presented as mean ± SD calculated from each experiment performed in triplicate under each condi-
tion.
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Figure 10. ASPH-based λ phage vaccine enhances antitumor immune response. (A) Scheme of in vitro cytotoxicity assay. (B) Compared with control group, cytotoxic-
ity of splenocytes in mice from Vaccine group has been increased by approximate 45 folds. (C, D) Expression profiling of markers for activated and maturated DCs as 
well as TILs in (C) primary mammary tumors or (D) pulmonary metastatic lesions in mice from different groups. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001 com-
pared to corresponding control (Student’s t-test). Data are presented as mean ± SD calculated from each experiment performed in triplicate under each condition.
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Figure 11. ASPH-based λ phage vaccine stimulates adaptive immune response. A. Expression profiling of DC maturation marker TLR4 in the spleen of mice from 
different groups. B. Infiltration of maturated DCs and CD3+ T lymphocytes into pulmonary lesions of mice from DOX+Vaccine group. C, D. Compared to control group, 
combinatory treatment substantially spurs activation of CD4+ and CD8+ cells attributed to antitumor response in mice from DOX+Vaccine group. *P<0.05; **P<0.01; 
***P<0.001; ****P<0.0001 compared to corresponding control (Student’s t-test). Data are presented as mean ± SD calculated from each experiment performed in 
triplicate under each condition. 



Immunogenic cell death and breast cancer metastasis

4169	 Am J Cancer Res 2021;11(9):4141-4174



Immunogenic cell death and breast cancer metastasis

4170	 Am J Cancer Res 2021;11(9):4141-4174



Immunogenic cell death and breast cancer metastasis

4171	 Am J Cancer Res 2021;11(9):4141-4174

(error-free repair) to DSBs and SSBs. 
Mechanistically, ASPH impairs PARP1-/MRN 
complex-ATM-P53 cascades induced canonical 
apoptosis. Accumulation of a plethora of errors 
exacerbates genomic instability. A proportion 
of dying/dead cancer cells that are sensitive  
to DOX initiate p-eIF2A-DAMPs (exposure of 
CALR on surface and passive release of 
HMGB1) signal to recruit and activate DCs. 
However, DOX chemo-resistant breast cancer 
cells with high expression of ASPH will sur- 
vive and maintain aggressive malignant pheno-
types for tumor progression and distant metas-
tasis. A novel λ phage vaccine targeting this 
tumor associated (TAA), ASPH, on breast can-
cer cells (sparing normal tissues), impairs this 
phenomenon. These observations suggest that 
ASPH-based λ phage vaccine initiates DCs’ 
antigen recognition, uptake and processing, 
homing to and functional maturation (CLEC9+) 
at secondary lymphoid organs by enhancing 
PRRs such as LRP1 and TLR4 expression as 
well as strengthening LRP1-CALR and HMGB1-
TLR4 interactions. This vaccine approach com-
bined with DOX administration successfully 
induces ICD in vivo. Combinatory therapy 
undermines primary mammary tumor growth 
and pulmonary metastases generation. An- 
titumor effects are attributed to clonal expan-
sion of activated helper CD4+ and cytotoxic 
CD8+ T lymphocytes, which executes tumor 
lysis (Figure 12C). 

We have demonstrated that ASPH’s oncogenic 
properties are partially attributed to activation 
of downstream Notch signaling pathway [16], 
which regulates cell fate determination and 
promotes tumorigenesis as emphasized in this 
study by enhancing cell proliferation and cell-
cycle transition. The DNA-damage response 
(DDR) protects genome stability. Notch1  
may suppress DDR by directly binding to ATM 
regulatory domain FATC to inhibit its kinase 

activity. The ATM and Notch1 activities were 
inversely correlated in breast cancer. It is note-
worthy that inactivation of ATM by Notch1 
enhanced survival of leukemia cells upon DNA 
damage [18]. Furthermore, Notch1 may inhibit 
activation of ATM by impairing the formation of 
ATM-FOXO3a-KAT5/Tip60 complex [19]. These 
findings, together with the current investiga-
tion, emphasize an essential role of ASPH in 
promoting breast cancer cell survival, as well 
as resistance to DOX induced DNA damage, to 
inhibit apoptosis.

The DAMPs are secreted, released or surface 
exposed by dying/stressed cancer cells, acting 
as danger signals for the immune system. 
Specific DAMPs, such as surface-exposed cal-
reticulin, secreted ATP and passively released 
HMGB1, are preeminent for inducing ICD of 
tumor cells. Extracellular HMGB1 is pivotal for 
ICD, but also involved in tumor progression. 
Multifaceted extracellular HMGB1 may be 
attributed to different redox states in a context-
dependent manner. Here, we have found a  
contribution of apoptosis-associated HMGB1 
release in the context of combination therapy 
which induces ICD in vivo in established breast 
tumors. The capability of DOX combined with 
ASPH-based λ phage vaccine to induce ICD  
may depend, in part, on how well this synergis-
tic effect in parallel or tandemly mediates 
endoplasmic reticulum (ER) stress and reactive 
oxygen species (ROS) production. Pre-existing 
multiple drug-resistant highly expressing ASPH 
breast cancer cells resist DOX therapy alone. 
Interestingly, combinatory therapy, an ICD 
inducer, simultaneously applied with phage 
vaccine targeting a TAA (ASPH) has reduced 
this limitation. 

Doxorubicin targeting ER, results in ER stress 
and production of ROS; when combined with 
ASPH-based λ phage vaccine, subsequently ini-

Figure 12. Immune suppressive microenvironment edited ASPH expressing breast cancer. A. A classic cancerous 
nest formed by primary mammary tumor cells highly expressing ASPH and numerous CSF1R+ M2 in control group. 
No TILs were identified. B. Tumor cells are protected from immune attack by recruiting CSF1R+ M2, which acts as 
a physical barrier for TILs to blocking their access to vasculature system (blood vessels or lymphatics) adjacent to 
primary mammary tumor in control group. This is vice versa in combination group. C. Hypothesized mechanisms of 
combinatory immunotherapy and chemotherapy driven ICD in breast cancer. In response to doxorubicin, an inducer 
of ICD, cancer cells expose CALR on surface, secrete ATP, and release HMGB1. Upon binding to cognate receptors 
on the surface of myeloid or lymphoid cells, DAMPs favor the uptake of cell corpses and debris thereof by APCs, 
including DCs in the context of robust immunostimulatory signals, eventually leading to the priming of an adap-
tive immune response involving αβ and γδ T cells. This process contributes to the establishment of immunological 
memory, and thus partially via an IFNγ-dependent mechanism, renders capability to eradicate cancer cells that 
have survived chemotherapy. APCs, antigen-presenting cells; DAMPs, damage-associated molecular patterns; DC, 
dendritic cell; ICD, immunogenic cell death; LRP1, LDL receptor related protein 1; TLR4, Toll-like receptor 4. 
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tiates ICD [6]. In this study, secretion of DAMPs 
(HMGB1 and CALR) is a hallmark of ICD in 
breast cancer. Under stress condition (treat-
ment with DOX combined phage vaccine), CALR 
is translocated from the lumen of ER to the  
surface of dying cells where it functions as an 
“eat me” signal for professional antigen-pre-
senting cells [APC]. The CALR exerts immunos-
timulatory effects by interacting with LRP1 on 
DCs (or other APC surface receptors) to facili-
tate uptake, processing, and cross-presenta-
tion of a TAA (ASPH) derived from breast cancer 
cells on MHC class I molecule, initiating CD8+ T 
cell response. Secreted HMGB1 and ATP are 
essential DAMPs for ICD amplification [20, 21]. 

The CALR is expressed in breast cancer cells, 
and could promote macrophages to engulf haz-
ardous cancer cells. However, most of such 
cells are not destroyed because of a counter-
balance produced by CD47, a special “Don’t  
eat me signal” that blocks CALR [22]. The 
HMGB1 release to the extracellular space is a 
prerequisite for an optimal release and pre- 
sentation of TAAs to DCs. The HMGB1 binds to 
PRRs expressed on DCs such as TLR2/4. Se- 
creted ATP functions as a “find-me” signal for 
monocytes and supports their attraction to the 
site of apoptosis [23]. 

Interaction between HMGB1 and TLR4 results 
in upregulation of NF-κB, and thus increased 
production/release of cytokines. Functionally, 
HMGB1 regulates changes in DNA architecture 
essential for repair of DNA damage. In the 
tumor microenvironment, HMGB1 is secreted 
by macrophages, monocytes and DCs. Intra- 
cellular HMGB1 is a highly conserved chromo-
somal protein acting as a DNA chaperone. 
Extracellular HMGB1 is a prototypical DAMP.  
In this context, HMGB1 may play paradoxical 
roles in promoting both cancer cell survi- 
val and death by regulating multiple signaling 
pathways, including inflammation, immunity, 
genome stability, proliferation, metastasis, 
metabolism, apoptosis, and autophagy [24]. In 
this study, a high level of ASPH not only in- 
hibits necrosis caused passive release of 
HMGB1 but also enhances actively secreted 
HMGB1 to promote tumor progression. How- 
ever, in response to combinatory treatment, 
dying/dead cancer cells both passively release 
and actively secrete HMGB1 to interact with 
TLR4, resulting in an enhanced DC maturation 
response.

Bacteriophages are optimal vaccine delivery 
vehicles attributed to high stability under harsh 
environmental conditions with potent adjuvant 
capacities [25]. This ASPH-based λ phage vac-
cine has efficient immunostimulatory effects. 
This novel construct expresses multiple copies 
of ASPH peptides on the surface of immuno-
genic λ phage particles, thereby eliciting an 
effective immune response. The ASPH-based λ 
phage display has shown promise for develop-
ing new strategies of vaccine discovery and 
production. This is a novel approach for a vac-
cine platform targeting a broad spectrum of 
ASPH expressing tumors [25].

Conclusion

Collectively, λ phage vaccine targeting a TAA 
(ASPH) combined with DOX successfully induc-
es ICD and initiates CD8+ T cell-mediated anti-
tumor immunity in breast tumors. The cross-
presentation of antigens, especially a TAA 
(ASPH), derived from dying/dead cancer cells 
enables DCs to present tumor restricted pro-
teins (in particular ASPH) on MHC class I mole-
cules. This combinatory therapy has exhibited 
substantial anti-tumor as well as prevents met-
astatic spread in pre-clinical animal models.
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