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Yifan Sun 

DEVELOPMENT OF CANCER-GENOMICS-GUIDED PRECISION 

IMMUNOTHERAPY FOR TRIPLE-NEGATIVE BREAST CANCER 

Triple-negative breast cancer (TNBC), which accounts for 15-20% of all breast 

cancers, is highly aggressive and metastatic with the poorest overall rates. While surgery, 

radiation, and chemotherapy remain the main treatment options, TNBC represents an 

unmet medical need for better treatment strategies. Tremendous efforts have been made 

to develop effective therapies over the past years. However, TNBC treatment options are 

still very limited due to the lack of good drug targets and the low response rate of current 

therapies. In this study, we developed two different strategies to treat TNBC based on its 

cancer genomic features: 1) heterozygous loss of chromosome 17p (17p loss) and 2) high 

mutation load. 

17p loss is one of the most frequent genomic events in breast cancer including 

TNBC, rendering cancer cells vulnerable to the inhibition of POLR2A via Ŭ-amanitin 

(POLR2A-specific inhibitor). Here, we developed a new drug T-Ama (Ŭ-amanitin-

conjugated trastuzumab) targeting HER2-low TNBC with 17p loss by combining the 

effects of Ŭ-amanitin and trastuzumab (HER2+ breast cancer therapy). Our results 

showed that T-Ama exhibited superior efficacy in treating HER2-low TNBC with 17p 

loss in vitro and in vivo, and surprisingly induced immunogenic cell death (ICD) which 

further enhanced T cell infiltration and cytotoxicity levels and delivered greater efficacy 

in combination with immune checkpoint blockade therapy. Collectively, the therapeutic 

window created by 17p loss and HER2 expression will make HER2-low TNBC clinically 

feasible targets of T-Ama.  
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As another genetic feature of TNBC, the higher genomic instability and 

mutational burden results in more neoantigens presented on MHC-I, along with the 

higher level of tumor-infiltrating T cells, making TNBC a perfect model for 

immunotherapy compared to the other breast cancer subtypes. Here, we designed a 

deconvolution-algorithm-derived library screening to find new therapeutic targets and 

identified PIK3C2Ŭ as a key player that determines MHC-I turnover and reduces the 

MHC-I-restricted antigen presentation on tumor cells. In preclinical models, inhibition of 

PIK3C2Ŭ profoundly suppressed breast tumor growth, increased tumor-infiltrating CD8+ 

T cells, and showed high potential enhancing the efficacy of anti-PD-1 therapy, 

suggesting that PIK3C2Ŭ is a potential therapeutic target for TNBC immunotherapy. 
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Chapter 1. Introduction 

1.1 Breast Cancer (BRCA) 

Breast cancer, which arises in the breast lobules, tubes, or connective tissue, is the 

most prevalent cancer and the second leading cause of death among women in the United 

States. Almost every two minutes, there will be a newly diagnosed breast cancer patient1. 

While different criteria and classifications exist, breast cancer can generally be 

categorized into four molecular subtypes: estrogen receptor (ER), progesterone receptor 

(PR), human epidermal growth factor receptor 2 (HER2) positive, and triple-negative 

breast cancer (TNBC)2. In 2013, a new definition of breast cancer molecular subtypes 

was issued: luminal A (ER/PR+, HER2ī, Ki67+ < 20%), luminal B (ER/PR+ < 20%, 

HER2ī, Ki67+ ů 20%); HER2+ B2 (ER/PR+, HER2 overexpression), HER2 

overexpression (ERī, PRī, HER2 overexpression), basal-like TNBC (ERī, PRī, 

HER2ī), and other special subtypes3. These subtypes exhibit distinct metastases, 

prognoses, and treatment approaches. Understanding the clinic-pathological features, 

such as hormone receptors (ER and PR) and HER2 status, can assist clinicians to make 

informed therapy decisions for both primary and metastatic breast cancer patients. 

In the past 50 years, the treatment for BRCA has shifted from an emphasis on 

local therapy (surgery, radiation) to systemic precision treatment options (hormonal 

Therapy, chemotherapy, and biological Therapy)4. For ER+ and PR+ BRCA, tamoxifen 

has been proven as a successful regimen in clinical practice. As a selective ER modulator, 

it showed dramatic responses and a relatively good safety profile in patients with ER+ 

BRCA5-7. Targeting HER2, a tyrosine receptor kinase, has been relatively successful in 

treating HER2-positive breast cancer. HER2 is overexpressed in about 20-25% of breast 
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cancers and is associated with aggressive cancer cell nature. Trastuzumab (Herceptin®) 

was first tested in 1991 and it has been used as a first-line treatment for HER2+ BRCA 

for decades8. Multiple combination treatments of trastuzumab and chemotherapies 

showed very consistent results with 50% less recurrence and 30% less mortality8-11. Over 

the past decade, the idea of using antibodies to deliver toxic agents to cancer cells began 

to rise. Several antibody-drug-conjugate (ADC) regiments were developed including T-

DM1 (Trastuzumab - microtubule-depolymerizing agent Emtansine) and T-DXd 

(Trastuzumab Deruxtecan), showing greater drug activity, prolonged OS and less 

toxicity12-14. TNBC is the most aggressive subtype of breast cancer. It lacks expression of 

estrogen receptor (ER) and progesterone receptor (PR), and has low expression of HER2. 

TNBC treatment is very challenging because of the lack of effective targeted therapy and 

its highly metastatic nature15.  

 

1.2 Triple -Negative Breast Cancer (TNBC) 

TNBC is a distinct type of breast cancer representing approximately 15-20% of all 

breast cancer cases characterized by ER-, PR-, and low expression of HER216. TNBC is 

frequently categorized as a subtype of basal-like breast cancer (BLBC) according to gene 

expression profiling, with the overlap ratio from 60% to 90%17,18.  

Compared to other breast cancer subtypes, TNBC is highly invasive and 

metastatic with high recurrence rate and worst survival. Because of its invasive nature, 

around 46% of TNBC patients develop distant metastases in brain and visceral organs 

within three years of diagnosis. The median survival time after metastasis is only 13.3 

months, with a recurrence rate of 25% after surgery19.  While TNBC patients have a 
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relapse time of only 19-40 months, in contrast, non-TNBC patients have an average time 

to relapse of 35-67 months. The mortality rate of TNBC patients within three months 

after recurrence is as high as 75%20,21. All these clinical features contribute to a shorter 

survival time compared to the other subtypes of breast cancer with a mortality rate of 

40% within the first five years after diagnosis22. 

 

1.3 Current treatments for TNBC  

1.3.1 Traditional methods 

Due to its unique molecular phenotype (ER-, PR-, HER low), TNBC is not 

responsive to endocrine therapy or HER2-targeted therapy. As a result, traditional 

methods including surgery, radiation therapy and chemotherapy are the main treatment 

options for TNBC patients. Chemotherapy is the primary systemic treatment, but the 

efficacy of conventional postoperative adjuvant chemoradiotherapy is very limited. And 

the systematic toxicity caused by chemotherapies is also a big problem for TNBC 

patients. 

Over the past years, multiple neoadjuvant chemotherapies have been developed to 

treat TNBC and exhibited promising results. To achieve the best outcome for TNBC 

patients, the National Comprehensive Cancer Network recommends using combination 

chemotherapy regimens that include taxane, anthracycline, cyclophosphamide, cisplatin, 

and fluorouracil. Currently, the preferred adjuvant regimens for TNBC include TAC 

(taxel/docetaxel + adriamycin + cyclophosphamide), TC (docetaxel + 

cyclophosphamide), AC (adriamycin + cyclophosphamide), CMF (yclophosphamide + 

methotrexate + fluorouracil), CAF (cyclophosphamide + adriamycin + fluorouracil), and 
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CEF-T (cyclophosphamide + epirubicin + fluorouracil + paclitaxel/docetaxel). Therefore, 

selecting appropriate chemotherapy regimens and optimizing the combination 

chemotherapies are crucial for ensuring positive treatment outcomes for TNBC patients23. 

 

1.3.2 Targeted therapy 

The high heterogeneity of TNBC poses a significant challenge in identifying new 

therapeutic targets and developing targeted therapies. Currently, there are many ongoing 

clinical trials on targeted therapies targeting PARP (a class of DNA repair enzymes), 

Epidermal growth factor receptor (EGFR), Androgen receptor (AR), Estrogen receptor 

ER-Ä36, human trophoblast cell surface antigen 2 (Trop-2), etc. In the adjuvant setting 

for early-stage TNBC patients who carry germline mutations in BRCA1 or BRCA2, the 

addition of the PARP inhibitor Olaparib has significantly decreased recurrences and 

shown improved overall survival (OS) for patients24. For metastatic TNBC with 

mutations in BRCA1 and BRCA2, PARP inhibitors have shown higher response rates in 

first- or second-line treatment compared to chemotherapy, as well as longer progression-

free survival (PFS). However, while the use of PARP inhibitors shows benefits to TNBC 

patients, the OS has not been significantly improved with a median of approximately 19 

months25-27. Another targeted therapy recently approved for TNBC patients with 

metastatic tumors is the antibody-drug conjugate Sacituzumab govitecan (anti-Trop-2 

(human trophoblast cell surface antigen 2) conjugated to topoisomerase inhibitor SN-38). 

When given in the third-line setting, Sacituzumab govitecan slightly improved both PFS 

and OS compared to standard chemotherapy28. However, while some promising results 
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are observed in clinical trials, all these target therapies share very similar problems which 

are low response rates or low therapeutic efficacy. 

 

1.3.3 Immunotherapy 

The role of the immune system in cancer has been well recognized for decades 

but, only in the past few years, immunotherapy has come to the center of the stage of 

cancer therapy. More and more evidence has shown that the survival rate of TNBC 

patient is closely related to the immune activity in the tumor microenvironment (TME). 

The presence of tumor-infiltrating lymphocytes (TILs) is widely recognized as a 

predictor of good prognosis in TNBC29-32. Along with the presence of TILs, the higher 

genomic instability and mutational burden of TNBC results in a higher propensity to 

generate neoantigens in the context of MHC-I antigens, which can be recognized as ónon-

selfô by T cells33. All  these findings demonstrate that TNBC has immunogenic potential 

and abundant of TILs providing a strong rationale for testing immunotherapies, especially 

immune checkpoint blockade (ICB).  

Programmed cell death protein 1 (PD-1) on T cells can bind to PD-L1 and 

transmit signals to inhibit T cell proliferation and induce T cell depletion. This 

mechanism enables tumor cells to evade recognition and destruction by the host immune 

system, especially CD8+ T cells34. Since TNBC also has a higher expression level of PD-

L1 compared to the other breast cancer subtypes, ICB treatment using PD-1/PD-L1 

inhibitors on TNBC patients would be very promising. Currently, several monoclonal 

antibodies targeting immune checkpoints have been developed. The PD-1 inhibitors 

nivolumab and pembrolizumab and the PD-L1 inhibitor atezolizumab are designed to 
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disrupt the PD-1/PD-L1interaction, while the cytotoxic T-lymphocyte-associated protein 

4 (CTLA4) inhibitor ipilimumab is meant to inhibit the CTLA4-mediated T cell 

exhaustion. The addition of ICB treatment to 1st and 2nd line therapies and the FDA 

approval of anti-PD-1-based ICB for treating TNBC have shown benefits to patients. A 

clinical study conducted in 2016 investigated the effectiveness of pembrolizumab (Ŭ-PD-

1) in treating TNBC. The study found that out of the 27 patients whose antitumor activity 

was evaluated, the overall response rate was 18.5% (95% CI, 6.3ï38.1)35. In a similar 

phase I clinical study conducted in 2017, atezolizumab (Ŭ-PD-L1) was used to treat 

TNBC, and approximately 10% of the patients experienced a lasting effect from the 

treatment36. Although the response rate of immune checkpoint inhibitors targeting PD-

L1/PD-1 was relatively low, some patients indeed had good prognoses and significantly 

increased overall survival rates. Therefore, the major challenge now is to improve the 

response rate of TNBC patients to anti-PD-1/PD-L1 treatment and convert non-

responders to responders37. Furthermore, there is evidence linking the immune response 

to the Ras/MAPK pathway in TNBC. One study suggests that the Ras/MAPK pathway 

negatively regulates antitumor immunity by affecting antigen presentation. It was also 

found that combining MEK inhibition with anti-PD-1/PD-L1 antibodies increased the 

treatment's effectiveness in a murine syngeneic tumor model38. 

 

1.4 Chromosome 17p loss 

1.4.1 chr17p loss is a frequent genomic event in cancer 

It has been long known from cytogenetic and loss of heterozygosity (LOH) 

studies that heterozygous deletion of chromosome 17p (Chr17p loss) is the most 
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prevalent event in many types of human cancer including TNBC39-42. Within the 17p 

deletion region is the tumor suppressor TP53, whose deletion or mutation has been long 

known as a primary tumorigenic driver. However, it remains unclear whether the deletion 

event, which frequently includes as many as 370 genes, impacts tumorigenesis beyond 

TP53 loss alone. Our recent study showed that heterozygous deletion of Chr17p in human 

TNBC is correlated with augmented proliferation, cell metabolism, and metastatic 

potential of TNBC cells as well as poor immune cell infiltration and cytotoxicity of T 

effectors in the tumor microenvironment. A recent study showed that loss of Eif5a and 

Alox15b in the mouse 11B3 (syntenic to human 17p13.1) cooperates with Trp53 (mouse 

orthologue of TP53) deletion to produce more aggressive disease in lymphoma and 

leukemia43. Heterozygous deletion of Chr17p also results in the co-deletion of the TP53-

neighboring essential genes that may not contribute to cancer development. The loss of 

such essential genes has been postulated to render cancer cells highly vulnerable to the 

further suppression or inhibition of these genes44,45 

 

1.4.2 Chromosome 17p loss creates therapeutic vulnerability in cancer cells 

Based on breast cancer genomics and clinical data, our recent studies identified 

POLR2A in the TP53-neighboring region as a collateral vulnerability target in the TNBC 

tumors, suggesting that inhibition of POLR2A may be a precision therapy approach for 

TNBC. POLR2A encodes the catalytic subunit of RNA polymerase II (RNAP2) 

complex46,47. Since RNAP2 is in charge of mRNA synthesis and indispensable for cell 

survival, complete knockout of POLR2A is lethal to any cell. Whereas 

heterozygous/partial loss of TP53/POLR2A has minimal impact on cell proliferation and 
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survival, it creates therapeutic vulnerability in cancer cells containing such genomic 

defects.  

To accelerate the translational development of POLR2A inhibitors, we have been 

developing small molecular drugs to specially inhibit POLR2A. One of the most 

promising POLR2A inhibitors is Ŭ-amanitin, which is an 8-aa cyclic peptide produced by 

the death cap mushroom23, 24. We found that inhibiting POLR2A by a-amanitin kills 

human cancer cells with heterozygous loss of TP5320, 25. However, the free form of Ŭ-

amanitin causes liver toxicity via the interaction with the hepatocyte-specific OATP1B3 

transporter, limiting its clinical applications26. To overcome the drug toxicity of Ŭ-

amanitin, we have been developing Ŭ-amanitin-based antibody-drug conjugates (ADC), 

which showed significant efficacy in inhibiting the growth of colorectal tumors with 

limited toxicity47. It should be noted that the LD50 of Ŭ-amanitin is ~500 µg/kg in mice28. 

Our study has shown that 10 Õg/kg of Ŭ-amanitin in the antibody-drug conjugate (ADC) 

form, which is 50 times lower than the LD50 value, leads to complete tumor regression 

with no evident systemic toxicity in murine models of human colorectal cancer with 

heterozygous deletion of POLR2A20. Therefore, Ŭ-amanitin-based ADCs are highly 

effective therapeutic agents with significantly reduced toxicity. 

 

1.5 Immuno-therapeutic target screening 

1.5.1 CRISPR library screening 

Library screening, especially the random CRISPR/Cas9 library screening, is the 

most widely used method for therapeutic target discovery. In the last ten years, dozens of 

new targets are discovered by library screening. For example, several components of the 
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SWI/SNF chromatin remodeling complex including Pbrm1, Arid2 and Brd7 were 

identified inversely correlated with anti-tumor CD8+ T cell activity in an in vivo gRNA 

library screening48. Another random CRISPR/Cas9 screening in human cell line KBM7 

indicated TXNDC11 as a novel factor required for MHC class I endoplasmic reticulum-

associated protein degradation (ERAD)49. Although genome-wide screening can 

objectively identify potential therapeutic targets, it is a surprise that the results from 

similar screening processes vary significantly across different publications. 

Disadvantages of genome-wide library screening include model bias, poor repeatability, 

high cost on multiple times of next-generation sequencing, complicated procedure, and 

time-consuming data analysis. Furthermore, researchers typically have to verify each 

candidate gene by manipulating its expression levels individually to select interesting 

targets from the lengthy list of candidate genes obtained from sequencing results. 

 

1.5.2 Computational methods 

Another method that is very popular and widely accepted in discovering new 

targets for immunotherapy is the bioinformatic deconvolution algorithm. Deconvolution 

algorithms offer us a very efficient way to assess the tumor microenvironment 

components and potential immune response for each tumor sample50,51. CIBERSORT is 

currently the most accepted deconvolution algorithm that can accurately resolve relative 

fractions of diverse cell subsets in gene expression profiles from complex tissues52. To 

achieve a higher prediction accuracy in varied tissue microenvironments, we developed a 

new deconvolution method ICTD to characterize cell-cell interactions and to discover 

cell type specific markers with improved performance. ICTD provides substantially new 
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capabilities for omics data based characterization of a tissue microenvironment, including 

(1) maximizing the resolution in identifying resident cell and sub types that truly exists in 

a tissue, (2) identifying the most reliable marker genes for each cell type, which are tissue 

and data set specific, (3) handling the stability problem with co-linear cell types, (4) co-

deconvoluting with available matched multi-omics data, and (5) inferring functional 

variations specific to one or several cell types. ICTD is empowered by (i) rigorously 

derived mathematical conditions of identifiable cell type and cell type specific functions 

in tissue transcriptomics data and (ii) a semi-supervised approach to maximize the 

knowledge transfer of cell type and functional marker gene identified in single cell or 

bulk cell data in the analysis of tissue data, and (iii) a novel unsupervised approach to 

minimize the bias brought by training data. ICTD facilitates prediction of the correlation 

between the expression of each gene and CD8+ T cell cytotoxicity level in a rigorous 

manner. The genes that most negatively correlated with CD8+ T cell relative cytotoxicity 

(RC) are selected for library design. However, no matter how accurate the algorithm 

looks, the result from this method is always a prediction. Further verifications are 

indispensable.  

 

1.6 MHC-1-restricted antigen processing and presentation 

1.6.1 MHC-1 

Immunotherapy has become the most promising treatment strategy for various 

types of cancer. Consequently, researchers have directed their efforts toward 

comprehending the mechanism of immunotherapy resistance and how to improve the 

anti-tumor response through therapy. Studies have indicated that effective T cell targeting 
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therapies like anti-PD1/PDL1 treatments rely heavily on the tumor cell recognition by T 

cells. However, tumor cells have evolved many mechanisms to evade immune 

surveillance including down-regulating Major Histocompatibility Complex I (MHC-I). 

The binding of peptides from expressed genes to MHC-I molecules enables the transport 

and display of antigenic information on the cell surface. This process is crucial for CD8 T 

cells to identify cells that are producing abnormal proteins, including mutated proteins 

present in cancers. Downregulating MHC-I not only impairs tumor cell recognition by T 

cells, but also hinders the efficacy of immunotherapy such as ICB therapy. 

MHC-I is composed of two domains, a polymorphic heavy Ŭ-chain encoded by 

the human leukocyte antigen (HLA) gene, and an invariant light chain called ɓ2-

microglobulin (ɓ2M)53. Three classical HLA class I heavy chains (HLA-A, HLA-B, and 

HLA-C) are encoded by three distinct genes. These HLA heavy chains display a high 

degree of polymorphism because of their peptide-binding domains and have diverse 

peptide-binding specificities due to sequence variation54. This diversity in heavy chain 

enables MHC-I to load a wide range of different peptides, and then to be recognized by 

CD8+ T cells.  

Cancer cells are often genetically unstable. They can lose the expression of non-

essential molecules via gene loss or epigenetic silencing. MHC-I molecules and other 

molecules in the MHC-I antigen presentation pathway are not critical for cell viability or 

growth. Downregulating or losing MHC I expression will make cancer cells invisible to 

CD8 T cells. Loss or low MHC-I expression has been correlated with worse overall 

prognosis and response rate to ICB treatment in several cancer patient cohorts and 

clinical trials55-59. Furthermore, cancer cells can also evade immune elimination by 
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expressing "non-classical" MHC-Ib molecules, such as HLA-E and HLA-G, to enable 

MHC-Ia-antigen low cancer cells to evade NK cell recognition60-63. 

 

1. 6.2 Antigen processing and presentation (APP) 

The antigen processing and presentation (APP) pathway is the mechanism that 

generates ñselfò or ñnon-selfò peptide signals from cellular proteins for CD8+ T cells to 

recognize. This pathway starts from protein degradation in proteasome to MHC-I-antigen 

transportation. 

The ubiquitin-proteasome pathway is responsible for continuously degrading all 

endogenously synthesized proteins into oligopeptides. This catabolic pathway is crucial 

for the initial cleavages, particularly the proper C-terminal cut, required for the 

generation of MHC I-presented peptides64-67. There are three kinds of proteasomes: 

proteasomes, immunoproteasomes, and thymoproteasomes68. Immunoproteasomes can be 

formed when three variants of proteasome subunits (LMP2, LMP7 and LMP10) are 

expressed and incorporated into newly assembling proteasomes. Due to their distinct 

catalytic properties, immunoproteasomes can generate a variety of peptides, which are 

easier to be presented on MHC I molecules69,70. Peptides produced by proteasomes and 

immunoproteasomes are then transported to the endoplasmic reticulum (ER) lumen via 

the peptide transporters (TAP1/TAP2) which can transport peptides between 9 and 13 

residues in length and are further processed by ER aminopeptidases (ERAP) to 8-10 

residues in length71-73. Once transported into the lumen of the ER, peptides can be 

assembled on MHC I molecules.  
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The MHC-I-peptide complexes are inherently unstable and require stabilization 

through the interactions with chaperones such as calreticulin, oxidoreductase ERP57, and 

the peptide "editor" Tapasin within the peptide-loading complex74,75. Tapasin retains 

peptide-empty MHC-I molecules in the ER and promotes the loading with high-affinity 

peptides76,77. Interaction between TAP1/2 and Tapasin enables peptide exchange into the 

MHC-I binding groove, the release of chaperone proteins, and MHC-I complex 

stabilization. TAPBPR is another peptide editor that promotes peptide loading of MHC I 

molecules but is not part of the peptide-loading complex78. The MHC-I-peptide complex 

then travels to the cell surface via the Golgi apparatus, where it presents antigens to 

CD8+ T cells. 

 Exogenous antigens can also be cross-presented through the MHC-I pathway via 

endocytic mechanisms, in which antigens are transported from the endosomal 

compartment to the cytosol, degraded by the proteasome, and then transported to the 

ER79. Of note, cells and animals that lack immunoproteasome subunits and peptide-

loading complex are viable, but they display defects in presenting MHC-I epitopes 80,81. 

 

1.6.3 Upregulating antigen presentation potentiates immunotherapy 

Anti-tumor immune responses require functional presentation of tumor antigens, 

T cell activation and a tumor microenvironment that favors immune effectors. While ICB 

treatments are designed to stimulate effector T cell response, tumor-associated antigens 

have to be presented in the context of MHC-I/II  on the cancer cell surface at a sufficient 

level for recognition by T cells. One primary mechanism by which tumor cells evade 

immune surveillance is to downregulate antigen presentation on tumor cell surface82. 
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Mutant proteins expressed within tumor cells may not be processed properly, so the 

peptides cannot be presented on cell surface in the context of MHC-I, leaving tumor cells 

invisible to CD8+ T cells. Recent studies suggest that cancer cells have evolved a 

multitude of strategies to suppress antigen presentation to evade detection and hence the 

immune response: (1) suppress the expression of MHC-I genes83, (2) down-regulate 

antigen processing by inhibiting immunoproteasome machinery (LMP2, LMP7 and 

LMP10) and endoplasmic reticulum aminopeptidases (ERAP1/2)84-86, (3) restrain peptide 

transport and loading of MHC-I molecules by inhibiting the expression of peptide 

transporters (TAP), chaperones calnexin (CNX), calreticulin (CRT) and ERp5786-89, (4) 

disrupt membrane transportation by up-regulating endocytosis pathways or down-

regulating exocytosis90,91.  

Consider the clinical significance of the MHC-I antigen presentation pathway. 

Downregulation of MHC-I antigen presentation will make cancers less visible to the 

immune system and protect tumors from CD8+ T cells. Downregulation of MHC I 

antigen presentation in cancer cells will  also dampen the efficacy of immunotherapy. As 

reported, the gene expression in the MHC-I antigen presentation pathway is positively 

correlated with the presence of tumor-infiltrating lymphocytes (TILs), a positive 

prognostic feature among different cancer types. Cancers with low MHC-I expression 

usually have fewer TILs compared to the cancers with MHC-I high expression92-95. 

Meanwhile, loss of MHC-I antigen presentation is always associated with worse clinical 

outcomes in cancers96-99. When comes to immunotherapy, it has been reported that the 

loss of MHC-I antigen presentation is correlated with resistance to ICB therapy and 

adoptive immunotherapy. Similarly, the defects of the IFNɔ pathway, which regulate 
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MHC-I antigen presentation levels, are also correlated with the resistance to ICB 

therapy100-103. However, even though more and more studies highlight the significance of 

MHC-I-restricted antigen presentation in tumor evasion, this field is still understudied, 

leaving very few targets to develop drugs. With the fact that no therapy targeting MHC-I-

antigen presentation pathways is clinically available, developing new screening 

techniques will help to identify novel targets involved in APP pathways in TNBC tumor 

cells. Modulating such targets may enhance the immunogenicity of cancer cells and 

provide significant therapeutic benefits as it would render tumor cells more susceptible to 

cytotoxic T cells. 

To restore the immunogenicity of cancer cells, many attempts have been made to 

increase MHC-I antigen presentation including treatment with IFNs, DNA 

methyltransferase inhibitors, and histone deacetylase (HDAC) inhibitors. In a phase 2 

trial involving only two patients with MHC-I negative melanomas, the administration of 

systemic IFNɔ led to an induction of MHC-I expression104. A clinical trial in melanoma 

has demonstrated that IFNɔ can enhance the efficacy of checkpoint blockade105. 

Meanwhile, several DNA methyltransferase inhibitors have been proven to restore the 

expression of IFNɔ and MHC-I antigen presentation pathway genes in cancer cells106-109. 

Similarly, HDAC inhibitors have also been reported to increase the gene expression of 

MHC-I and MHC-I antigen presentation pathway genes in cancer cell lines109,110,112-114. 

Even though the mechanism of their drug efficacy was unclear, FDA still approved 

several HDAC inhibitors and DNA methyltransferase inhibitors including the inhibitors 

of EZH2 methyltransferase for cancer treatment and combination treatment with 

immunotherapy115,116.  
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Taken together, current attempts to upregulate MHC-I antigen presentation by 

using IFNɔ or epigenetic modifying agents showed some promising results, however, this 

therapeutic strategy is still not good enough since several questions need to be answered. 

First, the mechanism of how epigenetic modifying regimens affect the expression of 

MHC-I antigen presentation pathway genes remains unclear. Secondly, whether they are 

directly linked remains unclear and effects could be indirect because HDAC inhibitors 

and DNA methyltransferase inhibitors can affect the expression of numerous genes. And 

at last, since IFNɔ or epigenetic modifying agents work on both cancer cells and immune 

cells, whether the effect of improved cancer treatment is mediated through cancer cells or 

immune cells remains unclear. Therefore, developing new strategies for upregulating 

MHC-I antigen presentation for immunotherapy is still in need. 

 

1.7 PIK3C2A 

1.7.1 Class-II PI3K  

The PI3K family is involved in the phosphorylation of inositol lipids at the 3'-OH 

position and is divided into three classes based on their structure and substrate 

specificity117. Class-I PI3Ks generate 3-phosphoinositide lipids, which directly activate 

signal transduction pathways. Class-II and class-III PI3Ks, on the other hand, regulate 

membrane traffic along the endocytic route in endosomal recycling and autophagy. 

Although the catalytic activities of the three classes of PI3Ks are similar, their functions 

are different due to the production of 3'-phosphoinositide local pools in distinct 

subcellular locations118. While class I and III have been widely studied119-123, class-II  had 

been poorly explored until its emerging functions were discovered in the past few years. 
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The class-II PI3Ks include PIK3C2Ŭ, PIK3C2ɓ and PIK3C2ɔ. While PIK3C2Ŭ and 

PIK3C2ɓ are expressed ubiquitously, PIK3C2ɔ expression is liver-specific124,125. The 

main lipid products of the class-II PI3Ks are PI(3,4)P2 and PI3P. Different lipid 

substrates available to class-II PI3Ks in different subcellular locations lead to different 

products126. For example, at the plasma membrane (PM), which is enriched in PI4P but 

low in PtdIns, PIK3C2Ŭ produces PI(3,4)P2, whereas on endosomes, the lack of PI4P 

favors the formation of PI3P127-129. 

In terms of structure, class-II isoforms of PI3Ks possess a conserved C-terminal 

extension, which includes the PX and C2 domains, and is unique to this class. This 

extension is likely responsible for the association of class-II PI3Ks with PI(4,5)P2-

containing plasma membranes (Fig. 1.1) as reported124,130. Additionally, class II PI3Ks 

have an extended N-terminal region, which contains several protein-binding domains, 

such as the clathrin-binding domain in PIK3C2Ŭ and the unique proline-rich motif in 

PIK3C2ɓ131,132. It has been proposed that PIK3C2Ŭ directly binds to clathrin, while 

PIK3C2ɓ does not. Of note, even though PIK3C2Ŭ shares the Ras-binding domain with 

class-I PI3Ks, the significance of the Ras-binding domain of PIK3C2Ŭ for the interaction 

with small GTPases remains unclear133. 
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Fig 1.1 Domain structures of the Class II phosphoinositide 3-kinase (PI3K) isoforms. 134 

 

 

PIK3C2Ŭ has a clathrin-binding domain (CBD) containing the clathrin box motif 

consensus sequence, whereas the N-terminal proline-rich region of PIK3C2ɓ directly 

binds to the SH3 domain of intersectin-1 (ITSN) via its ITSN-binding domain. PIK3C2Ŭ 

also present a PX-domain that is responsible to the binding of PI(4,5)P2 in plasma 

membranes. C2, protein kinase C conserved region 2 (C2 domain), Catalytic, catalytic 

domain; CBD, clathrin-binding domain; Helical, helical domain; P, proline-rich region; 

PX, phox homology (PX domain). Ras, Ras-binding domain. 
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1.7.2 Endocytosis pathways in cancer cells 

MHC-I-antigen complex presented on the cell surface is essential for recognition 

by CD8+ T cells141. Like other proteins on the plasma membrane, the antigen-loaded 

MHC-I complex, if not recognized, is continuously removed from the cell surface for 

intracellular degradation or recycling back to the cell surface142,143. To evade immune 

surveillance, cancer cells employ various mechanisms to downregulate MHC-I molecules 

including the repressed expression on the transcriptional level or increased internalization 

by endocytosis on the protein level143,144.  

Endocytosis is a constitutive and indispensable event in all cell types for nutrient 

uptake, signal transduction, and recycling of plasma membrane components145,146. It can 

be subdivided into clathrin-mediated endocytosis (CME) and clathrin-independent 

endocytosis (CIE). CME is the major route for endocytosis in most cells and by far the 

best characterized with regards to the machinery, regulation, and the cargo proteins that it 

carries147. Receptors and plasma membrane (PM) proteins containing cytoplasmic 

tyrosine or dileucine motifs, such as low-density lipoprotein (LDL), transferrin and 

growth factors,  are recognized by the adaptor protein 2 (AP2) complex and directed into 

clathrin-coated pits where they are efficiently internalized148. On the contrary, membrane 

proteins lacking clathrin-targeting sequences, such as MHC-I, ɓ-integrin and E-cadherin, 

are internalized by CIE, which is poorly understood by far149-151. Endocytosis through 

either CME or CIE delivers proteins intracellularly into early sorting endosomes152, after 

which they are routed either to lysosomes for degradation or back to the PM. 

Surprisingly, MHC-I recycling as well as its role in antigen presentation are still barely 
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studied, even though the critical roles of MHC-I complex are well known in both 

immunology and cancer immunotherapy fields.  

 

1.7.3 PIK3C2Ŭ is essential to clathrin-mediated-endocytosis (CME)  

PIK3C2A is a gene that encodes the protein phosphatidylinositol-4-phosphate 3-

kinase C2 alpha (PIK3C2Ŭ), which belongs to the class II PI3K family. This protein plays 

a significant role in regulating various intracellular processes such as membrane 

trafficking, endocytosis, and cytoskeleton dynamics.  

PIK3C2Ŭ mainly generates PI(3,4)P2 at the plasma membrane and PI3P in early 

endosomes135. It has been reported that PIK3C2Ŭ can regulate clathrin-mediated-

endocytosis (CME) on vesicle formation through PI(3,4)P2 and endosomal sorting and 

recycling through PI3P. The N-terminal region of PIK3C2Ŭ can associate with clathrin 

and transport to the plasma membrane (PM) where PIK3C2Ŭ synthesizes a local pool of 

PI(3,4)P2 required for SNX9 binding to the neck of the forming vesicle. This process is 

essential for the formation of clathrin-coated pits (CCP) and facilitates the recruitment of 

Dynamin, a GTPase responsible for the scission of newly formed vesicles and the 

maturation of CCP into clathrin-coated vesicles (CCV)136. When PIK3C2A expression is 

suppressed by RNA interference, there is a significant decrease in PI(3,4)P2 levels, a 

delay in CCP maturation, and mislocalization of CME markers like transferrin 

receptor137. Interestingly, overexpressing an exogenous mutant PIK3C2Ŭ that only 

produces PI3P fails to restore the CCP maturation defect, suggesting that the regulation 

of PI(3,4)P2 by PIK3C2Ŭ is crucial for the initiation of CME136. Meanwhile, PIK3C2ɓ is  
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also recruited to CCP via direct interaction with intersectin-1 (ITSN1), yet, the roles of 

PI3K-C2ɓ in the endocytic pathway are poorly understood134,138. 

 In early endosomes, PI3KC2Ŭ produces a pool of PI3P required by the activation 

of RAB11, a master regulator of endocytic recycling, leading to the budding of nascent  

RAB11-GTP-positive recycling vesicles139. Moreover, PI3KC2Ŭ -mediated endocytic 

pools of PI3P can also facilitate endosomal signaling including RhoA, Rac1, and Rap1. 

Since PI(3,4)P2 is essential to the maturation of CCP and PI3P is the identity of 

endosome, it is of little surprise that PI3KC2Ŭ plays a critical role in CME.  

Fig 1.2 Schematic diagram of the mechanism: Phosphoinositides couple vesicle formation 

to conversion of membrane identity. 
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However, whether class-II PI3Ks engage in clathrin-independent-endocytosis 

(CIE) remains unclear. Surprisingly, almost no report about class-II PI3Ksô functions in 

CIE has been released. Considering the similar lipid composition shared in endosomes, 

CIE may share a similar mechanism with CME on the coupling of vesicle formation and 

conversion of membrane identities in the early stages of endocytosis. Therefore, 

PI3KC2Ŭ may also regulate CIE, through which MHC-I molecules are internalized, by 

controlling the maturation of lipid pits and activation of recycling endosomes. Moreover, 

the role of the other class-II PI3K, like PIK3C2ɓ, is also poorly understood, especially in 

the early stages of the endocytic pathway. Whether PIK3C2ɓ has similar or overlapping 

functions with PI3KC2Ŭ in the CCP maturation and endosomal recycling remains 

unknown140.  

 

1.7.4 Kinase-independent functions of PIK3C2Ŭ 

In addition to PIK3C2Ŭôs catalytic functions, PIK3C2Ŭ can also act as a scaffold 

protein that binds to clathrin and microtubule-associated TACC3 complex, stabilizing 

microtubules and mitotic spindle during metaphase153. Loss of PIK3C2Ŭ lead to delayed 

mitosis and proliferation in breast cancer cells, indicating a causal relationship between 

PIK3C2Ŭ and breast cancer growth153. Meanwhile, this scaffold function also confers 

drug resistance to Taxanes, an anti-microtubule agent, during neoadjuvant treatment with 

chemotherapy. Therefore, the kinase-independent functions of PIK3C2Ŭ highlights the 

importance of distinguishing between the kinase-dependent functions and scaffolding 

roles of PIK3C2Ŭ, especially when exploring its therapeutic potential.  
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Chapter 2. Materials and Methods 

2.1 Antibody and reagents 

Antibody 

Anti-POLR2A antibody (sc-47701, 1:5000 dilution for immunoblotting and 1:200 

for IHC) was obtained from Santa Cruz. Anti-HER2 antibody (#2156S, 1:100 dilution for 

immunoblotting and 1:100 for IHC), anti-cleaved PARP (Asp214) (#5625, 1:1000 

dilution for immunoblotting), anti-cleaved caspase 3 (Asp175) (#9664, 1:1000 dilution 

for immunoblotting), anti-phospho MLKL (Ser358) (#91689, 1:1000 dilution for 

immunoblotting), anti-HMGB1 (6893, 1:1000 for immunoblotting), and anti-PRF1 

(31647, 1:400 for IHC), anti-Na, K-ATPase antibody (#3010S), anti-EGFR (D38B1) 

antibody (#4267),  anti-mouse CD8a (D4W2Z) antibody (#98941), INPP4b Antibody 

(#4039S), PI3 Kinase Class II Ŭ (D3Q5B) Rabbit mAb (#12402) were purchased from 

Cell Signaling Technology. Anti-Actin (sc-1616, 1:5000 dilution), HRP-anti-mouse IgG 

(sc-2055, 1:5000 dilution), HRP-mouse IgG kappa binding protein (sc-516102, 1:5000 

dilution) and HRP-anti-rabbit IgG (sc-2054, 1:5000 dilution) were purchased from Santa 

Cruz. Anti-IFNAR1 (clone MAR1-5A3) and isotype-matched control antibodies were 

purchased from Bioxcell. anti-alpha Actinin 4 antibody (EPR2533), anti-HLA Class 1 

ABC antibody (EMR8-5), anti-GAPDH antibody (EPR16891), Anti-MHC Class I H2-Kb 

antibody (#ab93364) were purchased from Abcam. APC anti-mouse H-2Kb bound to 

SIINFEKL antibody (25-D1.16) (#141605), APC/Cy7 anti-human CD8a antibody 

(HIT8a) (#300926), APC/Cy7 anti-mouse CD8a antibody (53-6.7) (#100714), FITC anti-

mouse CD4 antibody (GK1.5) (#100405), APC anti-human IFN-ɔ antibody (4S.B3) 

(#502512), APC anti-mouse IFN-ɔ antibody (XMG1.2) (#505810), PE anti-human TNF-
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Ŭ antibody (MAb11) (#502909), PE anti-mouse TNF-Ŭ antibody (MP6-XT22) 

(#506306), PerCP/Cyanine5.5 anti-human/mouse Granzyme B Recombinant antibody 

(QA16A02) (#372212), PE anti-mouse/human CD11b antibody (M1/70)(#101207), 

PE/Cyanine5 anti-mouse CD11c antibody (N418) (#117316), APC anti-mouse CD19 

antibody (1D3/CD19) (#152409), Brilliant Violet 605Ê anti-mouse CD45 antibody (30-

F11) (#103139), PE/Cyanine7 anti-mouse F4/80 antibody (BM8) (#123113), Brilliant 

Violet 650Ê anti-mouse I-A/I-E antibody (M5/114.15.2) (#107641), Purified anti-

CRISPR (Cas9) Antibody (#698301), PE anti-mouse CD71 Antibody (#113808), Purified 

anti-mouse H-2Kd Antibody (#116601), Alexa Fluor® 488 anti-mouse H-2Kd Antibody 

(#116610), Alexa Fluor® 647 anti-mouse H-2Kd Antibody (#116612), Alexa Fluor® 647 

anti-human HLA-A,B,C Antibody (#311414), Alexa Fluor® 647 Goat anti-mouse IgG 

(minimal x-reactivity) Antibody (#405322), were purchased from Biolegend. Anti-

PtdIns(3,4)P2 IgG (#Z-P034b) was purchased from Echelon. PI3KC2A antibody 

(#TA801690) was purchased from Origene.  

 

Reagent and Kit 

Control siRNAs and siRNAs against HMGB1 (s205520, s67572, s67574) were 

purchased from Thermo Fisher. Primers, shRNA clone sets against PIK3C2A (SHCLNG-

NM_002645) /Pik3c2a (SHCLNG-NM_011083) /Pik3c2b (SHCLNG-NM_001099276) 

were purchased from Sigma.  

Proteinase K (#25530049), Lipofectamine 3000 reagent (#L3000-008), and Pierce 

Protease Inhibitor Tablets (#A32963), Mem-PERÊ Plus Membrane Protein Extraction 

Kit (#89842), Fast SYBRÊ Green Master Mix (Cat# 4385610), PIK3C2A (PI3K-C2 
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alpha) Recombinant Human Protein (#PR9053A), and Kinase Buffer R (5X) (#PV5101) 

were purchased from Thermo Fisher. Premix WST-1 Cell Proliferation Assay (#MK400) 

was purchased from Takara. Neasy mini-isolation kit QIAGEN (#74106), QIAquick Gel 

Extract kit (#28706). QIAquick PCR purification kit (#28106), QIAprep Spin Miniprep 

Kit (#27106), and QIAGEN Plasmid Plus Maxi Kit (#12965) were purchased from 

QIAGEN. ELISA MAXÊ Deluxe Set Human TNF-Ŭ (#430204), ELISA MAXÊ 

Deluxe Set Mouse TNF-Ŭ (#430904), ELISA MAXÊ Deluxe Set Human IFN-ɔ 

(#430104), ELISA MAXÊ Deluxe Set Mouse IFN-ɔ (#430804) were purchased from 

BioLegend. CD8 MicroBeads (human) (#130-045-201) and CD8 (TIL) MicroBeads 

(mouse) (#130-116-478) were purchased from Miltenyi Biotec. 08:0 PI(4)P (#850182P-

500ug) was purchased from Avanti. PI(3,4)P2 Mass ELISA (#K-3800) was purchased 

from Echelon. Adenosine 5ô-triphosphate disodium salt hydrate (#) was purchased from 

Sigma. PI3K inhibitors Wortmannin (#S2758), Alpelisib (BYL719) (#S2814), AZD6482 

(#S1462), Duvelisib (IPI-145) (#S7028), SAR405 (#S7682) and PIK-90 (#S1187) were 

purchased from Selleckchem.  

 

2.2 In Vitro Experiments 

2.2.1 Tissue culture and tissue microarray 

Human breast cancer cell lines MCF10A, MDA-MB-231, MCF7, HS578T, 

HCC1143, BT20, BT474, AU565, MDA-MB-468, T47D, HCC70, HCC38, ZR751, 

HCC1187, MDA-MB-453, HCC1149, UACC812, SKBR3, ZR7530, and HCC1428 were 

purchased from the American Type Culture Collection (ATCC). Murine mammary tumor 

cell lines EO771 and 4T1 were purchased from CH3 Biosystem and ATCC, respectively.   
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The JIMT-1 cell line was purchased from Leibniz Institute. Anti-MAGE A10 T 

Cell (#1125-4530DE19) was purchased from Cellero. All the cell lines were maintained 

under standard conditions specified by the manufacturer and were tested negative for 

mycoplasma contamination using the Mycoplasma detection kit (Lonza). Breast cancer 

tissue microarray BR1901 was obtained from Biomax including 95 patientsô samples of 

which 83 are TNBC. 

For primary breast cancer cell culture, tumor tissues were collected and digested 

with MACS Tumor Dissociation Kit (mouse, #130-096-730; human, #130-095-929, 

Miltenyi Biotec). Tumor tissues were sliced into small pieces in diameter around 2-4 mm, 

then incubated in 37°C water bath for 40 minutes and dissociated using the 

gentleMACSÊ Octo Dissociator (Miltenyi Biotec). After centrifugation at 300 x g for 7 

minutes, single cells were cultured in the DMEM/F-12 medium supplemented with 5% 

FBS, 1% penicillin/streptomycin, 20 ng/mL EGF, 0.5 mg/mL hydrocortisone, 100 ng/mL 

cholera toxin, and 10 ɛg/mL insulin. After 1-2 days of culture, cells were trypsinized, 

washed, and ready for the next procedures. 

 

2.2.2 Genomic DNA isolation and copy number validation 

Total genomic DNA was extracted either from cell lines using DNeasy Blood & 

Tissue Kit (Qiagen) or from human tissue specimens using QIAamp DNA FFPE Tissue 

Kit (Qiagen) according to manufacturer protocols. The copy number variations 

for PSMB6, TP53, POLR2A, and FLCN were determined using TaqMan probes and 

TaqMan PCR kit. TERT as the reference gene was quantified in the same reaction for 

each DNA sample analysis. 



   

27 

 

2.2.3 Generation of 17ploss HS578T cells and 11Bloss EO771 cells 

The vector (#83480, Addgene) expressing Cas9 and sgRNA was digested with 

BsmBI and treated with alkaline phosphatase followed by gel purification of the 

linearized vector DNA. The pair of oligos for sgRNA targeting were annealed and 

phosphorylated. The sequence of oligo DNA are as follows: 5ô-

CAGCCGACTGAACAGCCGTA-3ǋ (WDR81), 5ǋ GAGGCAGACTCACGTGGGGT-3ǋ 

(MAP2K3), 5ô-CTTCCGTGCAGAAGAGCGTG-3ô (FLCN) and 5ô- 

CACTACATCATCAACAGCAG-3ô (CRK). The annealed oligo was subsequently 

ligated to the linearized vector. To generate 17ploss isogenic HS578T cells, the vectors 

expressing sgWDR81 and sgMAP2K3 were transduced into HS578T cells by 

electroporation. Similarly, to generate 11B loss isogenic EO771 cells, a vector expressing 

sgFlcn and sgCrk were transduced into EO771 cells. The resulting colonies were 

screened for large fragment deletion by PCR using primers 5ô- 

GAGCCTGTCCTCACCTACCA-3ô and  

5ô-TGGCTGCTGAGCATCTACAC-3ô for generation of 17p loss in human cells and 

using primers 5ô-CTCTTTGCAATGACTGTTGGAG-3ô and  

5ô-CATTCTGAGTACCACTGCCAAA-3ô for 11B loss in murine cells. The 

heterozygous loss of 17p or 11B was validated by copy number analysis and protein 

analysis. To ectopically express POLR2A in 17ploss HS578T cells, Flag-POLR2A was 

cloned into a pCDH-CMV lentiviral vector, and then transduced to 17ploss HS578T cells.  

FLAG-Pol-II WT (#35175) and pCDH-CMV (#72265) were purchased from Addgene. 
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2.2.4 Determination of HER2 status in cell lines 

The HER2 levels on the cell surface were characterized by quantitative 

fluorescence-activated cell sorting using an anti-HER2 antibody (#340552; BD 

Biosciences). To calculate the number of HER2 molecules per cell, the fluorescent 

intensity of HER2 surface staining was compared with the staining with the same 

antibody of Quantum Simply Cellular microspheres (#815; Bangs Laboratories) 

according to the manufacturerôs instruction. To ectopically express HER2 in non-HER2 

expressing cells, cells were transduced with lentivirus encoding HER2 protein (Lvp504, 

Gentarget). Colonies were validated by Flow cytometry and western blot. 

 

2.2.5 Cell survival assay 

Briefly, cells with ~20% confluence were plated in 12-well plates or 24-well 

plates, or 96-well plates in triplicate. After 24h, the cells were treated with drugs 

(trastuzumab, T-Ama, T-DM1, C2-ceramide, doxorubicin, and Ŭ-amanitin in Chapter 2) 

(compounds # 1- 23, PIK-90, BYL719, AZD6482, Duvelisib, Wortmannin, SAR405, 

BEZ235, Flipin, Dyngo 4a, pitstop II, ES9-17 and CPZ in Chapter 3) at indicated 

concentrations for 72 h. Cells were subjected to 10% methanol fixation and 0.1% crystal 

violet staining (dissolved in 10% methanol). Wells were then washed three times and de-

stained with acetic acid. The absorbance of the crystal violet solution was measured at 

590 nm. 
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2.2.6 Damage-associated Molecular Patterns (DAMPs) analysis 

Cell death was induced with the IC50 dose of C2-ceramide (Crm), doxorubicin 

(Dox), and a-amanitin (Ama). Cell death was confirmed by Annexin V (#610941, 

Biolegend) and Propidium Iodide (P4170, Sigma) staining followed by flow cytometry. 

To analyze calreticulin (CRT) exposure on the cell surface, cells were collected and 

washed with ice-cold PBS containing 0.5% BSA and 0.02% sodium azide. After the wash 

cells were resuspended in PBS with anti-calreticulin antibody (ab196158, Abcam) or 

isotype IgG (ab199091, Abcam) for 40 min at 4 ÁC and then resuspended in 200 ɛl of ice-

cold PBS buffer and stained with PI. Finally, the samples were analyzed by flow 

cytometry on a BD FACSAria. Analysis was performed using FlowJo software 

(v.10.6.2). The Median Fluorescence Intensity (MFI) of CRT was determined in 

Propidium Iodide negative cells. To analyze ATP release, MDA-MB-453, and HCC70 

were treated as described above followed by incubation with a medium containing 2% 

FBS for 24h. The supernatants were collected and centrifuged at 15,000 rpm at 4 ÁC for 

3 min. The supernatants were immediately used for ATP measurements with the analysis 

done by using ENLITEN ATP Assay System (Promega, FF2000) as described by the 

manufacturer. To measure extracellular HMGB1, after the indicated treatment, the 

supernatant was collected and centrifuged to remove floating cells. The HMGB1 in the 

supernatant was detected using an ELISA kit (IBL-Hamburg) according to the 

manufacturerôs instructions. The data was analyzed and plotted with GraphPad Prism 7. 

 

 

 



   

30 

 

2.2.7 Flow cytometry analysis of cell death 

Cell death was analyzed using the FITC Annexin V Apoptosis Detection Kit I 

(#556547; BD Bioscience) following manufacturerôs instructions. Briefly, 1 x 106 cells 

were washed twice with cold PBS and resuspended in 1x binding buffer (0.1M 

Hepes/NaOH (pH 7.4), 1.4 M NaCl, 25 mM CaCl2) containing FITC-conjugated Annexin 

V and Propidium iodide (PI). Samples were then incubated for 15 min at room 

temperature in the dark and subjected to flow cytometry. Pan-Caspase inhibitor Z-VAD 

(Ome)-FMK (#14463) and RIP1 kinase inhibitor necrostatin-1 (#11658) were purchased 

from Cayman Chemical. 

 

2.2.8 Immunohistochemistry 

Breast tissue microarray or mice tumor sections were de-paraffinized in xylene, 

rehydrated, and boiled for 10 min in antigen retrieval buffer (0.01M sodium citrate 

buffer, pH 6.0). The sections were then washed with distilled water and incubated with 

3% hydrogen peroxide for 10 min to block endogenous peroxidase activity. Next, the 

sections were blocked with 5% normal goat serum followed by incubating with indicated 

primary antibodies at 4 ÁC overnight. The samples were then washed with distilled water 

and incubated with secondary antibodies. A streptavidin-biotin peroxidase detection 

system was used to develop the signal according to the manufacturerôs instructions (DAB 

peroxidase Substrate Kit, Vector Laboratory). Counterstaining color was carried out 

using Harris-modified hematoxylin. All immune-stained slides were scanned on the 

Automate Cellular Image System III for quantification by digital image analysis. The 

HER2 score was determined by an independent pathologist. 
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2.2.9 Immunoblotting  

Cell lysates were prepared using cell lysis buffer (50 mM Tris, pH 7.5, 150 mM 

NaCl, 1 mM EDTA, 0.5% NP-40, 0.5% Triton X-100, 1 mM phenylmethylsulfonyl 

fluoride, 1 mM sodium fluoride, 5 mM sodium vanadate, 1 ɛg mL-1 of aprotinin, 

leupeptin, and pepstatin). Proteins were then resolved by SDS-polyacrylamide gel 

electrophoresis gels and subsequently transferred (Bio-Rad) to polyvinylidene difluoride 

membranes (Millipore). Membranes were then blocked with 5% milk, followed by 

incubation with indicated primary antibodies overnight. Membranes were then washed 

and incubated with peroxidase-conjugated secondary antibodies (Santa Cruz 

Biotechnology). Finally, the relevant protein was visualized by enhanced 

chemiluminescence system (PerkinElmer) according to the manufacturerôs instructions.  

 

2.2.10 RNA isolation and quantitative PCR 

Total RNA was isolated using RNAeasy Mini Kit (Qiagen) and then reverse-

transcribed with qScript cDNA synthesis kit (Quantabio). The resulting cDNA was used 

for qPCR using PerfeCta SYBR Green Supermix (Quantabio) with gene-specific primers 

and the results were normalized to PPIA (peptidylprolyl isomerase A) control. The 

primer sequences are: 

MX1:  

5ô- GTTTCCGAAGTGGACATCGCA-3ô and 5ô- CTGCACAGGTTGTTCTCAGC-3ô; 

OAS2:  

5ô-ACGTGACATCCTCGATAAAACTG-3ô and 5ô-AACCCATCAAGGGACTTCTG-3ô 

RSAD2:  
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5ô- TTGGACATTCTCGCTATCTCCT-3ô and 5ô- AGTGCTTTGATCTGTTCCGTC-3ô; 

CCL4:  

5ô-CTGTGCTGATCCCAGTGAATC-3ô and  

5ô-TCAGTTCAGTTCCAGGTCATACA-3ô 

TNF:  

5ô- GAGGCCAAGCCCTGGTATG-3ô and 5ô- CGGGCCGATTGATCTCAGC-3ô; 

IRF1:  

5ô- CTGTGCGAGTGTACCGGATG-3ô and 5ô- ATCCCCACATGACTTCCTCTT-3ô; 

CCL2:  

5ô- CAGCCAGATGCAATCAATGCC-3ô and 5ô- TGGAATCCTGAACCCACTTCT-3ô; 

CXCL1:  

5ô- AACCGAAGTCATAGCCACAC-3ô and 5ô- GTTGGATTTGTCACTGTTCAGC-3ô; 

CXCL10:  

5ô-GTGGCATTCAAGGAGTACCTC-3ô and 5ô-TGATGGCCTTCGATTCTGGATT-3ô; 

IFNB1:  

5ô-ATGACCAACAAGTGTCTCCTCC-3ô and  

5ô-GGAATCCAAGCAAGTTGTAGCTC-3ô 

PPIA:  

5ô-AGGTCCCAAAGACAGCAGAA-3ô and 5ô-GAAGTCACCACCCTGACACA-3ô. 

PIK3C2A:  

5ô-TGCTGGGTACATGATGACTTGA-3ô and  

5ô-TGTCCCATTTTCGACAGTTTTGA-3ô  

Pik3c2a:  
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5ô-TGACAGCCCAAGAGGCTTTG-3ô and 5ô-CCTGGGTGAGCTTTTCTACATC-3ô. 

Pik3c2b:  

5ô-GGCTCTGATCCCACCCTAAAT-3ô and  

5ô-GCATCCCAGATAGAGACACGAG-3ô. 

 

2.2.11 Synthesis and characterization of T-Ama 

The anti-HER2 Ŭ-amanitin ADC (T-Ama) is based on the sequence of 

trastuzumab (Herceptin, Roche). Trastuzumab was modified at position 265 to introduce 

a cysteine at this position for conjugation using the Thiomab technology154,155. The 

resulting THIOMAB derivative of trastuzumab was generated using Expi293 cells (Life 

Technologies, Carlsbad, CA, USA) and transient transfection methods. The engineered 

cysteine residues of the anti-HER2 THIOMAB antibody were used for conjugation of the 

cysteine reactive linker-amanitin compound HDP 30.1699 with cleavable linker by 

maleimide chemistry. In brief, the THIOMAB in PBS pH 7.4 was reduced with TCEP 

and inter-chain disulfides were re-oxidized by dehydroascorbic acid. Subsequently, the 

engineered cysteines were used for conjugation with cysteine reactive linker-amanitin 

compound HDP 30.1699. DAR (drug-antibody ratio) according to LC-MS analysis was 2 

toxins per IgG. The conjugate was purified by SE-FPLC and dialysis. 

 

2.2.12 Enzyme-linked immunosorbent assay (ELISA) 

Single cells from dissociated tumors were seeded in the DMEM culture medium 

supplemented with 10% FBS and 1% penicillin/streptomycin. Cells were incubated for 4 

h with 50 ng/ml PMA and 750 ng/ml Ionomycin to stimulate the secretion of cytokines. 
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Mediums were collected and centrifuged to remove cells and debris after incubation. The 

levels of IFNɔ and TNFŬ in the supernatants were immediately detected using ELISA 

kits (ELISA MAXÊ Deluxe Set Mouse IFN-ɔ Biolegend, Cat#430804, and ELISA 

MAXÊ Deluxe Set Mouse TNF-Ŭ Biolegend, Cat#430904).  

 

2.2.13 Bone marrow-derived dendritic cells maturation assay 

Bone marrow was first isolated from the femurs of C57BL/6J mice at the age of 

7-10 weeks. Bone marrow was next induced to bone-marrow-derived dendritic cells 

(BDMCs) in RPMI medium supplemented with 5% heat-inactivated fetal calf serum, 20 

ng/ml mGM-CSF (#315-03, Peprotech). Fresh medium containing 20 ng/ml mGM-CSF 

was added on day 2, day 4, and day 6. The percentage of BDMCs was measured by flow 

cytometry. Immature murine BMDCs were co-incubated with dying EO771 cells 

stimulated with Crm, Dox, and Ama as indicated for 18 h. As a positive control, BMDCs 

were stimulated in parallel with 100 ng/ml of E. coli lipopolysaccharide (LPS). After co-

incubation, the cells were collected, spun down (400 x g, 6 min, 4 ÁC), and washed once 

in PBS. Dead cells were excluded from the flow cytometry analysis by staining with 

SYTOX Blue (Molecular Probes, S11348). Maturation of BMDCs was analyzed by 

immunostaining with anti-CD11c (#117312, BioLegend), anti-CD86 (#105015, 

BioLegend), or anti-CD80 (#104705, BioLegend), anti-MHCII (#107631, BioLegend) 

and mouse Fc block (#101302, BioLegend). Meanwhile, the supernatants were also 

collected to check the cytokine secretion from DC. The ELISA kits used here include 

TNFa ELISA (#430904, BioLegend), IL6 (#431304, BioLegend), IL12p70 (433604, 
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BioLegend), IL1b (#432604, BioLegend), IL10 (#431414, BioLegend) and TGFb1 

(#437707, BioLegend). 

 

2.2.14 Flow Cytometry 

Sample acquisition was done using LSR Fortessa X-20 or LSR Fortessa (BD 

Biosciences) and data were analyzed using FlowJo v10.6.0 software. Live/dead cells 

were assessed using SYTOX Blue (Invitrogen, Dilution 1:100). For cell staining 

involving cell permeabilization, the BD cytofix/cytoperm fixation permeabilization kit 

(BD Biosciences) was used. The PBS buffer containing 0.5% BSA and 10% FBS were 

used to dilute antibodies. The antibodies used in flow cytometrical analyses include: 

AF594-conjugated anti-mouse CD31(BioLegend, Dilution 1:100), APC-conjugated anti-

mouse CD140a (BioLegend, Dilution 1:400), PE-conjugated anti-mouse CD326 

(BioLegend, Dilution 1:100), AF647-conjugated anti-mouse CD326(BioLegend, Dilution 

1:100), BV405-conjugated anti-mouse CD45 (BioLegend, Dilution 1:100), PE/Cy7-

conjugated anti-mouse CD3 (BioLegend, Dilution 1:100), AF700-conjugated anti-mouse 

CD4 (BioLegend, Dilution 1:100), APC/Cy7-conjugated anti-mouse CD8a (BioLegend, 

Dilution 1:100), APC-conjugated anti-mouse CD8 (BioLegend, Dilution 1:100), PE-

conjugated anti-mouse CD11b (BioLegend, Dilution 1:200), AF647-conjugated anti-

mouse CD11c (BioLegend, Dilution 1:200), PerCP/Cy5.5-conjugated anti-mouse Fn/80 

(BioLegend, Dilution 1:100), BV421-conjugated anti-mouse I-A/I-E (BioLegend, 

Dilution 1:1000), BV650-conjugated anti-mouse CD19 (BioLegend, Dilution 1:100), 

APC-conjugated anti-mouse H-2Kb bound to SIINFEKL antibody (BioLegend, Dilution 

1:20), PerCP/Cy5.5 anti-mouse H-2Kb Antibody (BioLegend, Dilution 1:100), PE-Anti-
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Human HLA-A,B,C antibody (BioLegend, Dilution 1:100), FITC-conjugated anti-mouse 

IgG (BioLegend, Dilution 1:100), FITC-conjugated anti-Rat IgG (BioLegend, Dilution 

1:100), APC-conjugated anti-mouse IFNɔ (BioLegend, Dilution 1:100), PE-conjugated 

anti-mouse TNFŬ (BioLegend, Dilution 1:100), PerCP/Cyanine5.5-conjugated anti-

human/mouse Granzyme B (BioLegend, Dilution 1:100), APC-conjugated anti-human 

IFNɔ (BioLegend, Dilution 1:100), PE-conjugated anti-human TNFŬ (BioLegend, 

Dilution 1:100). The compensation was performed using CompBeads for negative control 

(BD Biosciences), anti-mouse Ig,ə (BD Biosciences), anti-rat Ig,ə and anti-hamster Ig,ə 

(BD Biosciences). The beads were stained with the corresponding antibodies separately 

under the same conditions as the cells were stained in each experiment. SYTOX Blue 

reagent was used to stain dead cells. Half of the live cells were incubated at 60°C for 2 

min to enable membrane permeability and then mixed with the other half incubated at 

37°C. The mixed cells were stained with SYTOX Blue for 15 mins and used for 

compensation. For all the data analysis, doublet exclusion was performed and only single 

cells were analyzed. Dead cell populations were also excluded from analysis if the 

experiments were not involved in cell killing. One million events per sample were 

collected for immune profiling analysis in the animal experiments. For all in vitro 

experiments, at least ten thousand events per sample were collected for flow cytometry 

analysis. 

 

2.2.15 Mass cytometry (CyTOF) 

Single-cell suspensions from EO771 tumors under different treatment arms were 

prepared using the mouse tumor dissociation kit (Miltenyi Biotec). Tumor single cells 
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were washed twice using fresh house-made CyTOF buffer (ice-cold PBS containing 0.5% 

BSA and 0.02% sodium azide). To determine the immune cell profiling, 1.5x106 live cells 

were used for each sample to be stained with the antibody panel (Table 2.1) listed below. 

To determine the T cell activity, the same number of cells were stained with antibodies 

included in panel for T cell analysis (Table 2.2) listed below. CyTOF data were analyzed 

with the viSNE algorithm from the Cytobank platform with 7,500 iterations, 30 

perplexities, and 0.5 thera. We next performed SPADE tree analysis based on the viSNE 

analysis. The cell population was then gated manually on the SPADE TREE based on the 

selected markers and visualized on viSNE as an overlaid plot.  

 

Table 2.1 Antibody panel 1 for total immune profiling analysis in CyTOF. 

Marker  Clone Tag 

CD45 30-F11 89Y 

I-A/I-E M5/114.15.2 209Bi 

CD274/PD-L1 10F.9G2 153Eu 

CD3e 145-2C11 152Sm 

CD8a 53-6.7 146Nd 

CD25 3C7 150Nd 

CD127/IL7Ra A7R34 175Lu 

CD62L MEL-14 160Gd 

CD69 H1.2F3 145Nd 

TCRɓ H57-597 143Nd 

CD44 IM7 171Yb 
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CD11b M1/70 148Nd 

CD11c N418 142Nd 

F4/80 BM8 159Tb 

Ly-6C HK1.4 162Dy 

Ly-6G 1A8 141Pr 

NK1.1 PK136 170Er 

CD45R/B220 RA3-6B2 176Yb 

CD19 6D5 149Sm 

TER-119 TER-119 154Sm 

EpCAM G8.8 166Er 

Vimentin RV202 156Gd 

CCR7 4B12 164Dy 

Sca-1 D7 169Tm 

CD4 RM4-5 172Yb 

Foxp3 FJK-16s 165Ho 

 

 

Table 2.2 Antibody panel 2 for T cell analysis in CyTOF.  

Marker  Clone Tag 

CD45 30-F11 89Y 

CD4 RM4-5 172Yb 

CD3e 145-2C11 152Sm 

CD8a 53-6.7 146Nd 



   

39 

 

CD25 3C7 150Nd 

CD127/IL7Ra A7R34 175Lu 

CD62L MEL-14 160Gd 

CD69 H1.2F3 145Nd 

TCRɓ H57-597 143Nd 

CD44 IM7 171Yb 

CD19 6D5 149Sm 

CD11b M1/70 148Nd 

CD11c N418 142Nd 

CD223/LAG3 C9B73 174Yb 

CD366/TIM-3 RMT3-23 162Dy 

NK1.1 PK136 170Er 

CD279/PD1 RMP1-30 159Tb 

IFNɔ XMG1.2 165Ho 

IL -2 JES6-5H4 144Nd 

TNFŬ MP6-XT22 141Pr 

 

 

2.2.16 T cell isolation and effector function analysis 

CD8+ T cell negative selection kits (Miltenyi Biotec) were used to isolate 

peripheral T cells from mouse spleens. To analyze tumor-infiltrating T cells, the tumors 

were first digested with collagenase IV (sigma, and then the tumor-infiltrating leukocytes 

were isolated by centrifugation at 40-70% Percoll (GE) gradient. To measure the effector 
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the function of CD8+ T cells, T cells were first incubated in the presence of 5 ɛg/mL 

BFA with 1 ɛM ionomycin and 50 ng/mL phorbol 12-myristate 13-acetate (PMA) for 5 

hours, then stained with APC/Cy7 conjugated anti-CD8a antibody (BioLegend). Cells 

were then fixed and permeabilized with 4% paraformaldehyde (PFA) and stained with 

APC-conjugated anti-IFNɔ, PE-conjugated anti-TNFŬ and PerCP/Cy5.5-conjugated anti-

GZMB antibodies (BioLegend. Generally, to gate cytokines or granule-producing cells, 

unstimulated T cells, or T cells stained by an isotype control antibody are used as 

negative controls. This gating strategy is applied in all the flow cytometry analyses unless 

otherwise indicated. 

 

2.2.17 Measurement of CD8+ T cell cytotoxicity 

For mouse CD8+ T cell cytotoxicity assays, splenocytes were isolated from 

female OT-I mice and stimulated with OVA257-264 (Sigma-Aldrich, #S7951) in the 

presence of 10 ng/mL IL-2 for 3 days (39). The T cells were then centrifuged and 

cultured in fresh medium containing 10 ng/mL IL-2. After two more days, most cells in 

the culture were CTLs. To measure the cytotoxicity of CD8+ T cells, CTLs were pulsed 

with 2 nM OVA257-264 for 30 minutes. After washing CTLs and EO771 cells 3 times 

with PBS, we mixed the CTLs and EO771 cells (1 x 105) in the co-culture medium 

(phenol-free RPMI 1640, 2% FBS) at ratios of 5:1, 1:1, or 1:5. After 6 hours, the 

CytoTox 96 non-radioactive cytotoxicity kit (Promega) was used to measure the 

cytotoxic efficiency by quantifying the release of endogenous lactic dehydrogenase 

(LDH) from EO771 cells. 
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For human CD8+ T cell cytotoxicity assays, anti-MAGE-A10 T cells (Cellero, 

#1125-4530DE19) were stimulated with MAGE-A10 peptide (Cellero, #1138) in the 

presence of 10 ng/mL IL-2 for 2 days. The T cells were then centrifuged and cultured in 

fresh medium containing 10 ng/mL IL-2 for 2 more days. After washing 3 times with 

PBS, we mixed the T cells and tumor cells (1 x 105) in the co-culture medium (phenol-

free RPMI 1640, 2% FBS) at the ratio of 10:1 (anti-MAGE-A10). After 24 hours, 

CytoTox 96 non-radioactive cytotoxicity kit (Promega) was used to measure the 

cytotoxic efficiency by quantifying the release of endogenous LDH from MDA-MB-468 

cells. 

 

2.2.18 Lipid Kinase Activity Assay 

The kinase activity of PIK3C2Ŭ was assessed using a competitive-ELISA-based 

assay. 08:0 PI4P was dissolved in 1x kinase buffer R, bath sonication for 40 s (Amplitude 

setting 20%, pulse on 20 s, for twice. Pulse off 20 s). 3 mM PI4P, 3 µg PIK3C2Ŭ, and 25 

nM compounds were combined and incubated at 37 ÁC for 10 min. Add 50 ÕM ATP, and 

incubated at 37 ÁC for 30 min. The reaction product PI(3,4)P2 will be used as sample and 

be detected by PI(3,4)P2 Mass ELISA kit immediately. 

 

2.3 In-Vivo Experiments 

2.3.1 Animal Studies 

Mice (C57BL/6, BALB/c, and NU/J nude) were purchased from The Jackson 

Laboratory. Breast cancer cells were harvested and resuspended in PBS and then injected 

into the mammary fat pad (50 ɛL per site) from the 4th pair of 5-week-old female mouse 
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mammary glands (right side). Tumor growth was recorded using digital calipers and 

tumor volumes were calculated using the formula 0.5 x L x W2, where L is the longest 

diameter and W is the shortest diameter. Tumor volume was measured every 3 days. 

When harvesting, tumors were sliced into three parts: a small piece was fixed in formalin 

overnight and then in 70% ethanol for histopathological analysis; the second small piece 

was snap frozen in liquid nitrogen to prepare cell lysate for immunoblotting analysis, and 

the remaining tumors were digested with the MACS tumor dissociation kit for single cell 

analyses. 

 

2.3.2 Breast tumor xenograft mouse model  

Female NU/J mice were purchased from Jackson Laboratories. BT20 (5 x 106) or 

HCC70 ( 1x 106) cancer cells in 100 ɛl PBS with 50% Matrigel (BD Biosciences) were 

injected orthotopically into the 4th mammary fat pads of 5- to 6-week-old female mice. 

Once the tumors reached a palpable size (50~75 mm3), the animals were randomized to 

four groups (n=8/group): 1) trastuzumab 20 mg/kg; 2) T-Ama 2.0 mg/kg; 3) T-Ama 0.5 

mg/kg; and 4) T-Ama 0.1 mg/kg. The treatment was administrated on day 12 and day 19. 

Similarly, in the mice bearing tumors derived from HER2-low/17pintact ( 2 x 106) or 

HER2-low/17ploss HS578T ( 2 x 106) cancer cells, the mice were randomized to four 

groups (n=8/group): 1) trastuzumab 20 mg/kg 2) T-DM1 2.0 mg/kg; 3) T-Ama 2.0 

mg/kg; and 4) T-Ama 0.5 mg/kg. The treatment was given on day 12 and day 19. Tumor 

growth was recorded using digital calipers and tumor volumes were calculated using the 

formula 0.5 x L x W2, where L is the longest diameter and W is the shortest diameter. The 

mice were euthanized when they become moribund or the tumor volume reached 1,000 

https://www.nature.com/articles/s41467-018-06811-z#ref-CR3
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mm3. The overall survival curve of mice was plotted by Kaplan Meier survival analysis. 

Mouse body weight during the course of the study was monitored. When the mice were 

euthanized, tumors were extracted and processed for sectioning and 

immunohistochemistry staining.  

 

2.3.3 Patient-derived xenograft (PDX) mouse model  

The PDX studies were performed by Xentech (France) as customized services. 

The PDX models were established without prior in vitro culture and have been studied 

for histology, cytogenetics, genetic and other biological markers, and for their response to 

standard-of-care (SOC) therapies. The HBCx-10 PDX model is a TNBC with mutated 

TP53 and BRCA2, 17pintact, low HER2 overexpression (IHC 1+). The HBCx-11 PDX 

model was obtained from a primary TNBC with mutated TP53, 17ploss, and low HER2 

overexpression (IHC 1+). The tumor is not responsive to cetuximab and trastuzumab. 

Outbred athymic (nu/nu) female mice weighing 18-25 grams (ENVIGO, France) were 

used for this study. Tumors of the same passage were transplanted subcutaneously onto 

4-8 mice. When these tumors reached 936 to 1,913 mm3, donor mice were euthanized. 

Tumors were aseptically excised and cut into ~20 mm3 fragments and transferred 

subcutaneously into the subsequent passage mice. Once the tumor reached a mean 

volume of ~150 mm3, 10 mice per group were randomly allocated. Single intravenous 

treatment was administered 33 days (HBCx-10) post-tumor implantation or 36 days 

(HBCx-11) post-tumor implantation, respectively. Tumor volume was evaluated 

biweekly during the experimental period.  
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2.3.4 In vivo tumor vaccination assay 

Cell death was induced in EO771 by Ŭ-amanitin or EO771 (11B3loss, HER2 1+) 

cells by T-Ama treatment as indicated. Next, the cells were collected, washed once in 

PBS, and re-suspended at the desired cell density in PBS. C57BL/6 or C57BL/6-

Tg(WapHER2) mice were inoculated subcutaneously with the Ŭ-amanitin or T-Ama 

treated cells (5 x 105), respectively, on the left flank. Ten days after vaccination, the mice 

were re-challenged subcutaneously on the opposite flank with the corresponding EO771 

cells or EO771 (11B3loss, HER2 1+) cells (5 x 105). Tumor growth at the challenge site 

was monitored for up to 100 days after the challenge. Mice were euthanized when the 

mice become moribund or the tumor exceeded 1,000 cm3. 

 

2.3.5 Syngeneic mouse model of breast cancer  

Female C57BL/6-Tg(WapHER2) mice expressing human HER2 were obtained 

from Jackson Laboratories (Stock# 010562). HER2-low 11Bloss EO771 cancer cells 

(1 x 106) were implanted orthotopically into the 4th mammary fat pads of 6-8-week-old 

female transgenic mice. Once the tumors reached a palpable size (75~100 mm3), the 

animals were randomized to four groups (n=10/group) for treatments: 1) trastuzumab 20 

mg/kg on day 7 and 14; (2) T-Ama 5.0 mg/kg on day 7 and 14; (3) anti-mouse PD1 10 

mg/kg on day 5, 7, 9, 12 and 14; (4) Combo treatment: T-Ama (5.0 mg/kg on day 7 and 

14) and PD1 (10 mg/kg on day 5, 8, 10, 13 and 15). For T cell depletion, 10 mg/kg anti-

CD4 (GK1.5; rat IgG2b, Bio X Cell) and 10 mg/kg anti-CD8 (53-6.72; rat IgG2a, Bio X 

Cell) were given at day -2 and 0 and then twice weekly until the end of the experiment. 

Tumor growth was recorded by tumor volumes. The mice were euthanized when they 

https://www.nature.com/articles/s41467-018-06811-z#ref-CR3
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become moribund or the size of the tumor reach 1,000 mm3. The overall survival curve of 

mice was plotted by Kaplan Meier survival analysis.  

 

2.4 Bioinformatic Analysis 

2.4.1 Chromosome 17p copy number alteration analysis 

Copy number alteration (CNA) data was downloaded from the TCGA database 

(1,080 breast cancer patients including 112 TNBC patients) and the METABRIC 

database (2,173 breast cancer patients including 320 TNBC patients). The 17p deletion 

pattern was defined by patient sample clustering in the heatmap of 17p CNA. R 3.6.3 

statistical platform was used to process the hierarchical cluster analysis and TNBC 

samples were classified into 3 main groups: 17p loss, 17p intact, and 17p partial loss. The 

Circos plot was generated by Circos package 0.69.9, and the pie chart was generated by 

using the webro (PieDonut) R package. Kaplan-Meier survival analysis was conducted by 

the ñsurvivalò R package after combining the overall survival of patients with breast 

cancer from the TCGA and METABRIC cohorts. p values were determined by the log-

rank test. 

 

2.4.2 Breast cancer transcriptomics data analysis 

For the bioinformatics analysis, we used breast cancer data sets from the TCGA 

database (1,091 patients) and METABRIC cohort (1,904 patients), including 115 TNBC 

patients from TCGA and 299 TNBC patients from METABRIC. RNA-seq data were 

normalized by FPKM. We performed differential expression analysis for 17ploss and 

17pintact TNBC (METABRIC: 251 TNBC patients), or PIK3C2A high expression (40%) 
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and PIK3C2A low expression (40%) (TCGA: 115 TNBC patients), and identified two 

sets of differentially expressed genes (DEGs) by using the Limma R package with the 

threshold set at p < 0.05 and |log2-fold change (FC)| > 0.25 (t-test). We next conducted 

the Gene Sets Enrichment Analysis (GSEA) for these two sets of DEGs (down-regulated 

genes and up-regulated genes) to identify the underlying function of gene sets. The 

annotated gene sets (ýle c2 canonical gene sets version 6) were chosen for the reference 

gene sets. Gene size Ó 100, p-value of fisher exact test < 0.05, and false discovery rate 

(FDR) < 0.01 were set as the cut-off criteria. 

 

2.4.3 Deconvolution analysis for human breast cancer microenvironment 

We utilized our recently developed deconvolution method, ICTD, to access cell 

proportions of T cells. Specifically, ICTD identifies data sets for specific cell types and 

uniquely expressed gene markers to optimize the estimation of cell proportion. In the 

collected TNBC tissue transcriptomics data, we identified high co-expression correlation 

among CD2, CD3D, CD3E, CD3G, CD8A, CD247, ITK, and GZMK genes. The first 

eigen vector of the expression profile of these genes was utilized to estimate the relative 

proportion of total T cells in each sample. We further examined the T cell cytotoxicity by 

specific marker genes (CD8A, SLA2, GZMA, GZMB, GZMH, PRF1, and NKG7) that 

were highly co-expressed in the samples with high predicted levels of total T cells. The 

first eigenvector of the expression profile of these genes was utilized to estimate the 

whole tissue cytotoxicity level in the patient samples. We also used CIBERSORT to 

verify our results from ICTD, and to predict the relative proportion of tumor-infiltrating 
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immune cells. The code of Inference of Cell Types and Deconvolution (ICTD) can be 

accessed at https://changwn.github.co/ICTD/. 

 

2.5 Statistical Analysis 

Statistical analysis was conducted using GraphPad Prism and R. Differences 

between the two groups were tested with studentôs t-tests for normally distributed data. 

One-way ANOVA followed by Tukeyôs t-test or Two-way ANOVA where indicated was 

conducted to compare three or more groups of independent samples for normally 

distributed data. Time-dependent comparisons were tested with Two-way ANOVA. 

Kaplan-Meier plots are used for survival curves and analyzed with the Log-rank test. The 

results are displayed as the mean ± S.D. The level of significance was shown by 

asterisks: *, p < 0.05; **, p < 0.01; ***, p < 0.001 and ****, p < 0.0001. n.s. indicates not 

significant. 
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Chapter 3. Targeted immunotherapy for HER2-low breast cancer with 17p loss 

3.1 Summary 

The clinical challenge for treating HER2 (human epidermal growth factor 

receptor 2)-low breast cancer is the paucity of actionable drug targets. HER2-targeted 

therapy often had poor clinical efficacy for this disease. Heterozygous loss of 

chromosome 17p (17p loss), one of the most frequent genomic events in breast cancer, 

renders cancer cells vulnerable to the inhibition of POLR2A via a-amanitin or RNA 

interference. Here we demonstrate that a-amanitin-conjugated trastuzumab (T-Ama) 

exhibited superior efficacy in treating HER2-low breast cancer with 17p loss. The 17p 

loss involves a massive deletion of genes, leading to reduced tumor infiltration and 

cytotoxicity of T cells, and consequently immune evasion during breast tumor 

progression. Treatment with T-Ama induced immunogenic cell death in breast cancer 

cells, and thereby delivered greater efficacy in combination with immune checkpoint 

blockade therapy in preclinical HER2-low breast cancer models. Collectively, the 17p 

loss not only drives breast tumorigenesis, but confers therapeutic vulnerabilities, which 

can be utilized to develop targeted precision immunotherapy. 

This study156 has been published in Science Translational Medicine in 2021. 

Yifan Sun and Yujing Li contributed equally to this project, in which Yifan and Yujing 

designed and performed experiments under mentor Xiongbin Luôs supervision, Yifan 

conducted bioinformatic analyses. 
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3.2 Background and Rationale 

Cancer genomics analysis revealed that heterozygous deletion of chromosome 

17p (17p) is one of the most prevalent events in many types of human cancer 41,42,47,157.  

Within the 17p deletion region is the tumor suppressor TP53 (encoding p53), whose 

deletion or mutation has been long known as a primary tumorigenic driver 158. However, 

it remains unclear whether the deletion event, which often includes as many as 908 genes 

with 346 protein-coding genes, impacts tumorigenesis besides TP53 loss alone 43,159. A 

recent study revealed that deletion of Eif5a and Alox15b in the mouse 11B3 (syntenic to 

human 17p13.1) contributes to the malignancy of lymphoma and leukemia in cooperation 

with Trp53 (mouse TP53) deletion 43. As p53 aberrancy promotes proliferation, 

metabolism, and metastasis, enormous efforts have been made to restore the p53 activity 

for therapeutic development. Small chemical compounds have been developed to block 

the MDM2-p53 or MDMX-p53 interaction 160. However, this strategy is only applicable 

to cancers expressing wild-type p53, but not for a majority of human cancers with mutant 

or no p53 expression. Heterozygous deletion of 17p results in reduced dosage of the 

TP53-neighboring essential genes that may not contribute to cancer development. 

However, the loss of such essential genes renders cancer cells highly vulnerable to further 

inhibition of these genes 47,157,159. Indeed, we identified a TP53-neighboring gene, 

POLR2A, as a potential drug target, which encodes the catalytic subunit of RNA 

polymerase II (RNAP2) complex 47,157,159. Because RNAP2 is in charge of mRNA 

synthesis, a function required for cell survival, complete knockout of POLR2A is lethal to 

any type of cell. Whereas heterozygous loss of POLR2A in cancer cells has minimal 

impact on cell proliferation and survival, it creates therapeutic vulnerability in cancer 
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cells containing such genomic defects.  

As a powerful prognostic marker in node-positive patients with breast cancer, 

HER2 overexpression is associated with increased tumor recurrence and decreased 

patient survival 161-163. In the clinic, immunohistochemical (IHC) staining for HER2 has 

been the most widely used approach for evaluating HER2 as a predictor of response to 

anti-HER2 therapy 164. According to current clinical guidelines, the IHC results score the 

HER2 status as positive (3+), equivocal (2+), and negative (0 or 1+) for breast cancer 

cases 164. Despite low to medium levels of HER2 proteins, breast tumors with HER2 1+ 

or 2+ are not considered as positive for HER2 overexpression and such tumors are 

believed unlikely to respond to anti-HER2 therapy 165. Results of clinical trials also 

showed that treatment with trastuzumab (anti-HER2 antibody) or T-DM1 (ado-

trastuzumab emtansine) did not benefit patients with HER2-low breast cancer 166,167. 

However, a recent HER2-targeted antibody-drug conjugate (ADC) trastuzumab 

deruxtecan (T-DXd) demonstrated promising preliminary anti-tumor activity in patients 

with HER2-low breast cancer 168, suggesting targeting HER2 could be a feasible 

approach for HER2-low breast cancer given that anti-HER2 agents are of high efficacy 

and specificity.  

 

3.3 Results 

3.3.1 17p loss is frequent and correlated with poor immune response in breast 

cancer 

While the heterozygous loss of TP53 and 17p was identified in a number of 

human cancer 43,47,157,159, we had attempted to develop a therapeutic approach against  
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Fig. 3.1 17ploss is one of the most frequent chromosome abnormalities in breast 

cancer and correlates with poor survival.  (A) Circos plot depicts the distribution of 

various genomic attributes along the genetic map of human breast cancer (BRCA) from 

The Cancer Genome Atlas (TCGA) and Molecular Taxonomy of Breast Cancer 

International Consortium (METABRIC) cohorts, with tracks for a) chromosome 

ideograms and b) Genome-wide copy number variation (red: amplification, blue: 

deletion). The center of the plot shows the percentage of BRCA patients with the most 

frequent chromosome amplification (red) or deletion (blue). (B) The proportions of 

breast cancer with various 17p statuses (intact, heterozygous loss, or partial loss) in 

each subtype were shown in the pie chart. The CNA data of 2,590 BRCA patients were 

downloaded from TCGA and METABRIC. (C) 17ploss pattern in human breast cancer 

defined by patient sample clustering. (D) Kaplan-Meier survival curves of overall 

survival (OS) for BRCA patient groups with 17ploss or 17pintact using TCGA and 

METABRIC datasets. p values were determined by log-rank test.   
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breast cancer harboring 17p loss. To this end, we first assessed the distribution of various 

genomic attributes along the genetic map of breast cancer (BRCA) from The Cancer 

Genome Atlas (TCGA) and Molecular Taxonomy of Breast Cancer International 

Consortium (METABRIC) cohorts (Fig. 3.1A). Among the most frequent chromosomal 

amplification and deletion events is the heterozygous loss of 17p, which occurs in 51.6% 

of human breast cancers (Fig. 3.1A).  A majority of the deletion events span over the 

whole arm of  17p. The complete 17p loss is frequently detected in each subtype of breast 

cancer (31.9% in ER+/PR+, 41.9% in triple-negative breast cancer (TNBC), or 44.4% in 

HER2+) (Fig. 3.1B and Fig. 3.1C), suggesting that this event is not associated with 

particular breast cancer subtypes. Clinical data analysis revealed that the complete 17p 

loss is correlated with poor overall survival of patients with breast cancer, particularly in 

TNBC (Fig. 3.1 D). To understand the biological relevance of 17p loss, we analyzed the 

gene expression profiles in 17pintact versus 17ploss TNBC cases (Fig. 3.2A). The gene set 

enrichment analysis (GSEA) demonstrated that up-regulated genes in the 17ploss TNBC 

are enriched in cell cycle regulation, DNA replication, and cell metabolism pathways, 

while those down-regulated genes are often associated with immune response and 

modulation of tumor cells as well as tumor-stromal interaction (Fig. 3.2B). We used the 

Inference of Cell Types and Deconvolution (ICTD) algorithm to assess the correlation of 

the 17p loss with the CD8+ T cell infiltration and cytotoxicity in TNBC. The ICTD 

allows for an unbiased inference of cell proportions and activities from bulk tissue RNA-

seq data 169. In comparison with the 17pintact TNBC, significantly lower levels of CD8+ T 

cell infiltration (p = 9.2e-6) and putative cytotoxicity (p = 0.00011) were observed in the 

17ploss TNBC (Fig. 3.2C), which was consistent with the results of CIBERSORT (Fig.  
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Fig. 3.2 17ploss correlates with low T cell infiltration and cytotoxicity in TNBC.  (A) 

Volcano plot showing differential expression genes in TNBC with 17ploss versus 

17pintact. Blue: genes with down-regulated expression, Red: genes with up-regulated 

expression, Orange: immune pathway related genes, Yellow: cell cycle pathway related 

genes. The analysis uses a cutoff with p-value < 0.05 and |log2FC| > 0.25. (B) The gene 

set enrichment analysis for 17ploss versus 17pintact TNBC (Blue: down-regulated 

pathways, Red: up-regulated pathways in 17ploss TNBC). p value of fisher exact test < 

0.05 and false discovery rate (FDR) < 0.01 were set as the cut-off criteria. (C) Violin 

box plots showed the correlation of 17p status with infiltration and cytotoxicity of T 

cells in TNBC. Data was analyzed with the ICTD algorithm on 251 TNBC patients 

(17ploss: 123 patients; 17pintact: 128 patients) from METABRIC cohort.  (D) Relative 

proportions of immunocytes in human TNBC tumor microenvironment. Bulk RNA-seq 

data of TNBC samples from TCGA was analyzed by CIBERSORT. (E) Quantification 

of cytotoxic CD8+ T cells in TMA samples (BR1901) as determined by IHC staining of 

CD8 and GZMB. p values were determined by unpaired studentôs t test. 
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3.2D) 170. Furthermore, we confirmed the reduced infiltration and cytotoxicity of CD8+ T 

cells in 17ploss TNBCs by immunostaining analysis of a TNBC tissue microarray with 

GZMB and CD8 antibodies (Fig. 3.2E). Comprehensive immune profiling analysis using 

a series of biomarkers for T cell activity and subtypes suggested that most of the T cell 

activity markers were down-regulated in 17loss TNBCs in comparison with those in 

17pintact TNBCs. Moreover, downregulation of these T cell markers is mostly associated 

with poor patient survival (Fig. 3.3). Additionally, a panel of immune pathways such as 

wound healing, IL2, CD8_TCR, B cell receptor, and antigen presentation pathways were 

also significantly (p < 0.05) downregulated in the 17loss TNBCs (Fig. 3.4). These results 

collectively suggest that 17p loss is likely involved in immune suppression or evasion of 

the tumor. 
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Fig. 3.3 Bioinformatic analysis for T cell markers in TNBC.  Bar plots show the 

correlation of 17p status (blue: 17p loss; red: 17p intact) with the normalized mRNA 

expression level of each T cell marker. Forest plot with hazard ratio is shown for 

overall survival analysi (median separation) for each T cell marker. A total of 251 

TNBC patients (17p loss: 123, 17p intact: 128) from METABRIC cohort are included.  
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Fig. 3.4 Analysis of immune-related pathways for 17ploss versus 17pintact TNBCs. 

The immune-related pathways are shown. The blue color on X-axis indicates tumors 

with 17p-loss. The red color on X-axis indicates tumors with intact 17p. Data of 251 

TNBC patients from METABRIC cohort were used for gene set enrichment analysis. 

NES, normalized enrichment score. Fisher exact test was used to calculate the p value. 
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3.3.2 T-Ama is effective in killing HER2-low breast cancer cells with 17p loss 

The natural compound Ŭ-amanitin is a highly specific inhibitor for POLR2A with 

a Kd value ~ 1 nM171. The approach using Ŭ-amanitin-based antibody drug conjugates 

(ADCs) disrupts its interaction with the hepatocyte-specific OATP1B3 transporter, and 

thus drastically reduces liver toxicity and increases tumor-targeting specificity 47,172. We 

attempted to develop Ŭ-amanitin-conjugated trastuzumab (T-Ama) for treating HER2-low 

breast cancer, particularly HER2-low TNBC. To this end, we first determined the 

percentage of HER2-low TNBC cases that also harbor 17p loss. Analysis of the TCGA 

breast cancer dataset showed that 32.2% of HER2-low TNBCs (HER2 1+ and 2+) are 

17ploss, similar to the percentage (39%) of 17ploss TNBC cases in the tumor microarray 

analysis (Fig. 3.5A-D).  To synthesize T-Ama, the Ŭ-amanitin compound with a stable 

linker was covalently conjugated to the introduced cysteine residue on position 265 in the 

heavy chains of trastuzumab with the drug-antibody ratio (DAR) as ~ 2.0 (Fig. 3.5E). T-

Ama showed the same binding capacity as trastuzumab to HER2-expressing cell lines 

(Fig. 3.5F). To assess the targeting specificity and tumor cell killing efficacy of the T-

Ama, a panel of 17pintact and 17ploss cell lines were identified and validated by copy 

numbers of the genes in the 17p region (Fig. 3.6A). Heterozygous loss of 17p leads to 

much reduced POLR2A expression levels (Fig. 3.6B), which is consistent with previous 

reports in other types of cancer 47,157,159. We observed a number of TNBC cell lines 

(MDA-MB-453, HCC1143, HCC1187, HCC38, BT20, HCC70) that have low expression 

of HER2. The number of HER2 molecules on the surface of these HER2-low cell lines 

was 8 to 40-fold less than those on the HER2-positive (IHC 3+) cell lines (BT474,  
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Fig. 3.5 Analysis of HER2 status in TNBC samples. (A) The proportions of TNBC 

with various 17p statuses (loss and others) and different HER2 IHC score (0, 1+, 2+) 

were shown in the pie chart. The 17p status ñothersò includes 17p intact and 17p partial 

loss. The CNA data and HER2 status data (IHC score and FISH status) of 90 TNBC 

patients was downloaded from TCGA. (B) Frequencies of 17ploss and 17pintact in TNBC 

patients with different HER2 scores from TCGA dataset or TNBC tissue microarrays 

(TMA). (C) The HER2 IHC score and 17p status of the samples in BR1901 was shown. 

The HER2 score was determined by independent pathological analysis, while the 17p 

status of the samples was determined by quantitative PCR with the DNA extracted from 

each sample core. (D) Overall view of IHC staining (POLR2A, HER2, CD8, GZMB) of 

a TNBC tissue microarray (BR1901) containing 95 cases (83/95 are TNBCs). (E) The 

illustration shows the cysteine reactive linker-amanitin compound with cleavable linker 

and maleimide as reactive cap. (F) T-Ama and trastuzumab showed the same binding 

activity to breast cancer cell lines with different HER2 status. Cells were incubated with 

increasing concentrations of T-Ama or trastuzumab-D256C. 
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Fig. 3.6 T-Ama exhibits superior efficacy in killing HER2-low TNBC cells with 

17ploss in vitro.  (A) Copy numbers of the genes in the 17p region were determined by 

quantitative PCR for a series of breast cell lines. MCF10A, a normal mammary 

epithelial cell line, was used as control. (B) Expression of HER2, POLR2A and b-Actin 

was determined in breast cancer cell lines with 17pintact or 17ploss by Western blot. (C) 

The amounts of HER2 molecules on the surface of breast cancer cells were analyzed by 

flow cytometry. MFI, Median Fluorescence Intensity. The number of HER2 molecules 

per cell was determined using standard beads. (D) The sensitivity of breast cancer cell 

lines to the treatment of free a-amanitin were shown by their IC50 values. Data are 

mean ± S.D. of three independent experiments. (E, F) The cytotoxicity of T-Ama (red 

dots) was compared to that of T-DM1 (blue dots) in terms of IC50 value in a number of 

17pintact (E) and 17ploss (F) breast cancer cell lines with different levels of HER2 on the 

cell surface. 
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SKBR3), as determined by flow cytometry (Fig. 3.6C)173. The free form of Ŭ-amanitin 

selectively kills 17ploss breast cancer cells (Fig. 3.6D). In the 17pintact cell lines, the tumor 

cell killing activity of T-Ama was dependent on the levels of HER2 on the cell surface. 

While HER2-positive cell lines AU565 and BT474 exhibited high sensitivity to the 

treatment of T-Ama or T-DM1, those 17pintact cell lines with low HER2 were insensitive 

to either of these two ADCs (Fig. 3.6E), suggesting that HER2 levels are the primary 

factor for the response of 17pintact breast cancer cells to the treatment of trastuzumab-

based ADCs. By contrast, T-Ama had markedly higher cytotoxicity on the 17ploss breast 

cancer cells with low levels of HER2 than T-DM1 (Fig. 3.6F). The half-maximum 

inhibitory concentration (IC50) of T-Ama was 20 to 200 folds lower than the IC50 of T-

DM1 on the same cell lines. It was noted that the cell lines with no HER2 such as MDA-

MB-231 and MDA-MB-468 were insensitive to either of these two ADCs regardless of 

their 17p status. To test the anti-tumor effect of T-Ama in vivo, HER2-low TNBC cell 

lines BT20 (17pintact) and HCC70 (17ploss) were orthotopically implanted into 

immunodeficient nude (Nu/J) mice. No substantial tumor growth or overall survival 

differences were observed between control and T-Ama-treated mice bearing BT20-

derived tumors (Fig. 3.7A). In sharp contrast, administration of T-Ama even at very low 

doses (0.1-0.5 mg/kg) significantly (p < 0.001) inhibited the growth of HCC70-derived 

tumors, and treatment of T-Ama at 2.0 mg/kg resulted in complete tumor regression (Fig. 

3.7B). Of note, treatment with 2.0 mg/kg T-DM1 had no effect on tumor growth in either 

BT20 or HCC70-derived tumors (Fig. 3.7C).  

To exclude genetic differences across cell lines, we used the CRISPR (clustered 

regularly interspaced short palindromic repeat)/Cas9 system 174,175 to delete one copy of  
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Fig. 3.7 T-Ama exhibits superior efficacy in killing HER2-low TNBC cells with 17ploss 

in vivo. (A, B) Tumor growth curve and survival analysis in nude mice orthotopically 

implanted with HER2-low 17pintact BT20 cells (A) and HER2-low 17ploss HCC70 cells 

(B). Once tumors were established, mice were randomized to 4 groups (n=8) and treated 

with either 20 mg/kg trastuzumab (Trzm) or different doses of T-Ama. (C) Tumor growth 

curve analysis for nude mice orthotopically implanted with HER2-low 17pintact BT20 cells 

(left) and HER2-low 17ploss HCC70 cells (right). Once tumors were established, mice 

were randomized to 2 groups (n=8) and treated with either 20 mg/kg trastuzumab (Trzm) 

or 2 mg/kg of T-DM1. Statistical analysis was conducted by Two-way ANOVA test for 

tumor burden among groups, and by log-rank (Mantel-Cox) test for animal survival. n.s. 

not significant; *, p < 0.05; ***, p < 0.001. ****, p < 0.0001. 
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17p from WDR81 to MAP2K3 with the size of ~19.6 megabases in HS578T cells. DNA 

sequencing of the clones revealed the fusion of the remaining WDR81 and MAP2k3 genes 

(Fig. 3.8A). Western blotting and RT-PCR further confirmed the heterozygous loss of 

17p in the positive cell colonies (Fig. 3.8B, C). Not surprisingly, heterozygous deletion of 

17p markedly sensitized HS578T cells to Ŭ-amanitin treatment with an IC50 value of 

Ḑ0.2 ɛg/ml, which is 10-fold lower than that of 17pintact HS578T cells (Fig. 3.8D). Next, 

we used the 17pintact and 17ploss HS578T cells to generate a series of isogenic cell lines 

with stable HER2 expression levels (0, 1+, 2+, and 3+) (Fig. 3.8E, F). Similarly, the 

17ploss HS578T cells with HER2 status from 1+ to 3+ were much more sensitive to the 

treatment of T-Ama in comparison with their isogenic 17pintact counterparts with the same 

HER2 status. In the 17ploss cell lines with HER2 low (1+ or 2+), T-Ama exhibited at least 

30-fold greater cytotoxicity than that of T-DM1 (Fig. 3.9A, B). Ectopic expression of 

POLR2A in 17ploss HS578T cells partially restored their resistance to the T-Ama 

treatment (Fig. 3.9 C, D). Due to the lack of HER2 expression, normal human mammary 

epithelial cells (MCF10A), fibroblasts (IMR90, WI38), and hepatocyte-derived cancer 

cells (HepG2, Huh7) are extremely insensitive to either T-Ama or T-DM1 treatment (Fig. 

3.10).  

To compare the anti-tumor activity of T-Ama and T-DM1 in vivo, HER2-low 

17intact or 17ploss HS578T cell lines were implanted orthotopically into immunodeficient 

nude (Nu/J) mice. The HER2 expression level of the tumors was scored as 1+ by 

independent pathological analysis (Fig. 3.11A). While it had no significant activity on the 

17pintact/HER2-low HS578T-derived tumors (Fig. 3.11B), T-Ama manifested high 

efficacy in inhibiting the growth of the tumors derived from the isogenic  
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Fig. 3.8 Generation of HER2-low/17ploss isogenic cell lines from parental HS578T 

cells. (A) Schematic illustration of 17p deletion (~20 megabases) using Cas9 and two 

sgRNAs (sgWDR81 and sgMAP2K3). The sgRNA targeting sites were underlined and the 

PAM sequence was highlighted in red. Colonies were screened using primers flanking the 

residual WDR81 and MAP2K3. Sanger sequencing results confirmed the break point 

junction in two isogenic colonies. (B) Validation of 17p loss by real-time PCR using gene-

specific primers. (C) Western blots showed the protein levels of POLR2A in the two 

17ploss isogenic cell clones of HS578T cells. (D) The 17ploss HS578T cells are more 

sensitive to the treatment of a-amanitin than their 17pintact counterpart. (E) HER2 

expression levels were determined by Western blot in a series of isogenic HS578T cell 

lines and other breast cancer cell lines. (F) The amounts of HER2 molecules on the 

surface of isogenic HS578T cell lines were analyzed by flow cytometry.  
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Fig. 3.9 17p loss renders HER2-low breast cancer cells highly vulnerable to T-Ama. 

(A, B) 17pintact (A) and 17ploss (B) HS578T cells with different HER2 levels (score 1, 2, 3) 

were subjected to T-Ama and T-DM1 treatment. IC50: half maximal inhibitory 

concentration. Data are mean ± S.D. of three independent experiments. (C) Ectopic 

expression of POLR2A partially restored the resistance of 17ploss HS578T cells to T-Ama. 

(D) Ectopic expression of POLR2A in 17ploss HS578T with different HER2 levels. Data 

are mean ± S.D. of three independent experiments. 
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Fig. 3.10 Cells with no HER2 expression are insensitive to T-Ama. Normal human 

mammary epithelial cells (MCF10A) and fibroblasts (IMR90, WI38) are insensitive to the 

treatment of T-Ama. Since liver cells express the transport protein OATP1B3 for Ŭ-

amanitin, the toxicity of T-Ama was further tested in two hepatocyte-derived cancer cells 

(HepG2 and Huh7). Data are mean ± S.D. from three independent experiments. 
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17ploss/HER2-low HS578T cells (Fig. 3.11C). By contrast, T-DM1 did not show any 

notable activity on either 17pintact or 17ploss tumors with low levels of HER2 (Fig. 3.11 B, 

C). More importantly, in the T-DM1-resistant HER2-low patient-derive xenograft (PDX) 

models, T-Ama showed dose-dependent tumor remission after a single dose application 

of 2.0 mg/kg (Fig. 3.11D, E). The efficacy of T-Ama was much more pronounced in the 

PDX model with heterozygous loss of 17p (Fig. 3.11D, E). Collectively, T-Ama with Ŭ-

amanitin as toxin showed high and specific efficacy in killing HER2-low breast cancer 

with 17p loss because of the target-specific mode of action and the molecular 

characteristics of the toxin.   

In terms of T-Ama toxicity, no signs of systemic intolerance (abnormal death or 

significant body weight changes), as well as tissue histological changes, were observed in 

the T-Ama or T-DM1 treated groups (Fig. 3.12A-C). No notable changes in liver-relevant 

biochemical parameters including aspartate aminotransferase (AST), alanine 

aminotransferase (ALT), and alkaline phosphatase (AP) were seen after the application of 

8.0 mg/kg of T-Ama (Fig. 3.12B). The results suggest that the T-Ama has great 

tolerability in mice. 
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Fig. 3.11 T-Ama exhibits in vivo anti-tumor activity in treating HER2 -low breast 

cancer with 17p loss. (A) The HER2 scores of tumors derived from HER2-low 17pintact or 

17ploss HS578T cells were determined by independent pathological analysis on the IHC 

results. (B, C) Tumor growth curve and survival analysis of nude mice orthotopically 

implanted with HER2-low 17pintact (B) and the isogenic 17ploss HS578T cells (C). Mice 

were randomized to four groups (n=8) after tumors were established and treated with 

trastuzumab (Trzm), T-DM1, or T-Ama at indicated doses. Data shown are mean tumor 

volumes + SD. (D, E) Tumor growth analysis of T-DM1-resistanct HER2-low PDX 

models with 17pintact (D) or 17ploss (E). Tumors were treated with single dose 

administration of Trzm or T-Ama. Data shown are mean tumor volumes ° SD. 

Immunohistochemical (IHC) staining of HER2 was shown for both tumor models. Scale 

bar: 0.3 mm. Statistical analysis was conducted by Two-way ANOVA test for tumor 

burden among groups, and by log-rank (Mantel-Cox) test for animal survival. n.s. not 

significant; **, p < 0.01; ***, p < 0.001. ****, p < 0.0001. 
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Fig. 3.12 No evident systemic toxicity for T-Ama in mice. (A, B) Body weights (A) as 

well as critical liver enzymes (B) including alanine aminotransferase (ALT), aspartate 

aminotransferase (AST) and alkaline phosphatase (AP) in the peripheral blood of the mice 

were measured. Data are presented as the mean ± S.D., n=8 mice/group. (C) 

Representative H&E-staining of major organs in the mice treated with Trzm, T-Ama and 

T-DM1 collected at the end point. Scale bar: 100 ɛm. 
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3.3.3 Treatment of Ŭ-amanitin induces immunogenic cell death 

Previous studies reported that Ŭ-amanitin induced cell death primarily by 

apoptosis 176. We confirmed that apoptosis, but not necrosis, is the main death mechanism 

induced by Ŭ-amanitin in breast cancer cells (Fig. 3.13). Next, we sought to determine 

whether Ŭ-amanitin induces immunogenic cell death (ICD). ICD is a form of cell death 

that induces an effective anti-tumor immune response via dendritic cells and consequent 

activation of specific T cell response 177. We examined whether the Ŭ-amanitin treatment 

elicits ICD-characteristic damage-associated molecular patterns (DAMPs) in the HER2-

low MDA-MB-453 and HCC70 breast cancer cells. Three major ICD markers 

(calreticulin, HMGB1, and ATP) were assessed in the cells treated with Ŭ-amanitin, 

positive control doxorubicin (Dox, a known ICD inducer), or negative control C2-

ceramide (Crm) 178,179. The results clearly showed that treatment of Ŭ-amanitin led to ICD 

in the HER2-low TNBC cells with markedly higher levels of DAMPs (Fig. 14A-C). ICD 

is coupled to the induction of type 1 interferons (IFNs-I) that act in an autocrine fashion 

on cancer cells, thereby increasing their immunogenic potential 180,181. In addition, ICD 

also causes the release of pathogen response-like chemokine 182. Therefore, we measured 

the induction of IFNB1 and IFNs-I-stimulated genes (ISGs) (MX1, OAS2, RSAD2), as 

well as the pathogen response-like chemokine genes (CXCL1, CCL2, and CXCL10) upon 

Ŭ-amanitin treatment. Our data showed that both doxorubicin and Ŭ-amanitin 

significantly (p < 0.001 to p < 0.05) induced the RNA expression of these genes in 

MDA-MB-453 and HCC70 cells (Fig. 14D, E). ICD of cancer cells also induces dendritic 

cell (DC) maturation 183. To assess the effect of Ŭ-amanitin-induced ICD on DC 

maturation, immature bone marrow-derived dendritic cells (BMDCs) from C57BL/6  
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Fig. 3.13 a-amanitin induces apoptosis in breast cancer cells. (A, B) HCC70 (A) and 

MDA-MB-453 (B) were treated with indicated dose (µg/ml) of a-amanitin (Ama) in the 

presence or absence of 10 µM of VAD or 20 µM of Nec1 for 48 h and analyzed for the 

distribution of apoptosis and necrosis by flow cytometry using FITC-Annexin V and PI 

staining. The quantification of early apoptosis (Annexin V+/PI-), late apoptosis (Annexin 

V+/PI+), and necrosis (Annexin V-/PI+) was shown on the right on the panel. Data are 

presented as the mean ± S.D. VAD: Z-VAD(Ome)-FMK; Nec1: necrostatin-1. (C, D) 

Western blotting analysis of the protein expression of cleaved-PARP, cleaved-caspase 3 

and phospho-MLKL in HCC70 (C) and in MDA-MB-453 (D) treated with 0.2 mg/ml of a-

amanitin in the presence or absence of 10 µM of VAD or 20 µM of Nec1 for 48 h. 
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Fig. 3.14 a-amanitin induces immunogenic cell death in breast cancer cells. (A) The 

IC50 values of Crm and Dox treatment in MDA-MB-453 and HCC70 cells were 

determined by cell survival assay. (B) Treatment of a- amanitin triggered calreticulin 

exposure on the cell surface as well as extracellular release of ATP and HMGB1. MDA-

MB-453 cells were treated with IC50 dose of Crm (C2-ceramide), Dox (doxorubicin) or 

Ama (a-amanitin) for 72 h, followed by assessment of the proportion of pre-apoptotic 

cells (AnnV+, PI-) and apoptotic cells (AnnV+, PI+). The median fluorescence intensity 

(MFI) of calreticulin on cell membrane was determined on the PI negative cells. 

Extracellular ATP and HMGB1 were detected in the supernatant of treated cells. AnnV: 

Annexin V; PI: Propidium Iodide.  (C) HCC70 was treated with IC50 dose of Crm (C2- 

ceramide), Dox (doxorubicin) or Ama (a-amanitin), followed by assessment of the 

proportion of pre-apoptotic cells (AnnV+, PI-) and apoptotic cells (AnnV+, PI+). The 

Median Fluorescence Intensity (MFI) of calreticulin on cell membrane was determined in 

PI negative cells. Extracellular ATP and HMGB1 were detected in the supernatant of 

treated cells. AnnV: Annexin V; PI: Propidium Iodide. (D, E) Levels of IFN stimulated 

genes (ISGs) in HCC70 (D) and MDA-MB-453 (E) treated with PBS, 100 mM of Dox, or 

0.2 mg/ml of a-amanitin for 48 h were measured by qRT-PCR. Data are mean ± SD of 

three independent experiments. Statistical analysis for (B, C) was conducted by One-Way 

ANOVA test, while statistical analysis for (D, E) was conducted by Two-way ANOVA. *, 

p < 0.05; **, p < 0.01; ***, p < 0.001. ****, p < 0.0001. 
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mice were co-cultured with the mouse EO771 breast cancer cells pretreated with Crm, 

Dox, or Ama. As observed in the positive controls (lipopolysaccharides (LPS) or Dox-

treated cells), the Ŭ-amanitin-treated cells significantly (p < 0.01) induced up-regulation 

of the co-stimulatory ligands MHC-II+CD80+ and MHC-II+CD86+ (Fig. 3.15A-D) on 

BMDCs when compared with mock and Crm treatment controls. Maturation of BMDCs 

was associated with the extent of cancer cell death (Fig. 3.15E, F). To evaluate the 

BMDC maturation, we analyzed cytokines released by DCs, including IL12, TNFŬ, IL1ɓ, 

IL6, IL10 and TGFɓ, in the supernatant. Dox or Ŭ-amanitin -treated tumor cells 

stimulated DCs to release cytokines such as IL12, TNFŬ, IL1ɓ and IL6, but not IL-10 or 

TGFɓ. As a control, Crm-treated tumor cells failed to stimulate DCs to release any of the 

above cytokines (Fig. 3.15G). To assess the ICD effect in vivo, a vaccination assay was 

conducted in which dying EO771 cells were used as a vaccine in C57BL/6 mice. In case 

bona fide ICD occurs, the mice will be protected against a subsequent challenge with 

living EO771 tumor cells (Fig. 3.16A) 184. While the tumor cells with mock or Crm 

treatment did not provide protection against EO771-derived tumor outgrowth, the mice 

challenged with the Dox or Ŭ-amanitin treated cells were well protected (Fig. 3.16B), 

supporting the notion of Ŭ-amanitin-induced ICD in vivo. Of note, T-Ama-killed cells also 

protected mice from the re-challenge of viable tumor cells of the same type, suggesting 

the ICD effect induced by a-amanitin is not affected by the antibody conjugation (Fig. 

3.16C). Importantly, blocking IFNAR1 or HMGB1 abolished the ability of T-Ama treated 

cells to protect mice from the re-challenge, highlighting the role of DAMPs and type I IFN 

signaling in the Ŭ-amanitin-induced ICD (Fig. 3.16D-F).  
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Fig. 3.15 a-amanitin-induced ICD of tumor cells stimulates the maturation of 

dendritic cells. (A) Bone marrow isolated from C57BL/6 mice was induced to naïve 

dendritic cells (DCs). On day 8, the percentage of naïve DC cells was revealed by flow 

cytometry. (B) The IC50 values of Crm, Dox and Ama in the mouse EO771 cells were 

determined by cell survival assay. (C, D) Analysis of dendritic cells (DCs) maturation 

induced in the co-culture with the cytotoxicant-treated EO771 cells. Myeloid cells isolated 

from C57BL/6 mice bone marrow were induced to naïve DCs, followed by stimulation 

with lipopolysaccharide (LPS) or EO771 cells pretreated with Crm, Dox or Ama. The 

maturation of DCs was measured by MHC-II  and CD80 (C), or CD86 (D). (E, F) 

Analysis of the maturation of dendritic cells (DCs) after co-culture with the  EO771 cells 

pre-treated with different doses of Ama. The maturation of DCs was measured using the 

markers MHC-II  + CD80 (A), and MHC-II  + CD86 (B). Data are mean ± SD (n=3). (G) 

The cytokines in the supernatant of BMDCs were analyzed by ELISA. Tumor cells were 

pretreated with mock, Crm, Dox, or Ama treated for 72 hours. The dead cells were 

harvested and then cocultured with BMDCs at a ratio of 1:5. After 24 hours, the dead cells 

were removed, and new medium was refilled. The BMDCs were stimulated with LPS (20 

ng/ml) as a positive control. Data are depicted as box and whisker plots with whiskers 

showing minimum to maximum reported concentrations. All bars were compared to the 

mock bar. Statistical analysis was conducted by one-way ANOVA with Turkeyôs test for 

correction. N = 3 repeats. 
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Fig. 3.16 a-amanitin-induced ICD protects mice from re-challenge of tumor cells. (A) 

Schematic illustration of the in vivo vaccination assay. C57BL/6 mice were vaccinated 

with cytotoxicant-treated EO771 tumor cells. Ten days after vaccination, mice were re-

challenged with live untreated EO771 tumor cells. Control mice received an equivalent 

volume of phosphate buffered saline. (B, C) In vivo assessment of ICD induced by Ŭ-

amanitin (B) and T-Ama (C) using vaccination assay. C57BL/6-Tg(WapHER2) mice were 

vaccinated with IC50 dose of cytotoxicant-treated HER2-low/11Bloss EO771 tumor cells, 

and re-challenged with live untreated HER2-low/11Bloss EO771 tumor cells. (D) In vivo 

assessment of IFNAR1 blockade on the T-Ama-induced ICD using vaccination assay. 

HER2-low/11Bloss EO771 tumor cells were treated with 15 µg/ml of T-Ama alone or 

combined with 10 µg/ml of isotype antibodies, or 10 µg/ml IFNAR1 for 48 h, and were 

then inoculated to the left lower flank of C57BL/6-Tg(WapHER2) mice. Ten days after 

vaccination, the mice were re-challenged with untreated live HER2-low/11Bloss EO771 

tumor cells. (E) In vivo assessment of HMGB1 depletion on the T-Ama-induced ICD 

using vaccination assay. HER2-low/11Bloss EO771 were treated with 15 µg/ml of T-Ama 

alone or combined with control siRNA or siRNA against HMGB1 for 48 h, and were then 

inoculated to the left lower flank of C57BL/6-Tg(WapHER2) mice. (F) The HMGB1 

knockdown efficiency. Ten days after vaccination, the mice were re-challenged with 

untreated live HER2-low/11Bloss EO771 tumor cells. In C, D, and E, control mice received 

an equivalent volume of PBS as negative vaccination. The tumor-free survival was plotted 

according to the Kaplan-Meier method. n=8 mice per group. Statistics were analyzed by 

log-rank (Mantel-Cox) test for animal survival. n.s., not significant; **, p < 0.01; ***, p < 

0.001; ****, p < 0.0001. 
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3.3.4 T-Ama potentiates immune checkpoint blockade in treating HER2-low breast 

cancer 

Given the immune engagement observed for Ŭ-amanitin as a warhead in T-Ama, 

we reasoned that T-Ama could induce an efficient anti-tumor immune response, allowing 

the combination of T-Ama treatment with immune checkpoint blockade therapy in 

treating HER2-low breast cancer. To facilitate the efficacy test of T-Ama in 

immunotherapy, an immunocompetent mouse model for syngeneic breast tumors was 

established by transplanting human HER2-expressing mouse EO771 cells into transgenic 

mice, C57BL/6-Tg(WapHER2). This mouse strain expresses human HER2 under a mouse 

Wap (Whey acid protein) promoter that directs mammary gland-specific expression 185. 

They do not develop spontaneous tumors but are tolerant to human HER2-associated 

antigen. We also generated an isogenic HER2-low (equivalent to HER2 1+) cell line 

derived from EO771 with heterozygous loss of chromosome 11B (Fig. 3.17). Loss of 

mouse chromosome 11B (a 16Mb region between Flcn and Crk or between 11B2 and 

11B5, which is syntenic to human chromosome 17p) was generated to model the 17p loss 

in human breast cancer 186. The 11B loss markedly increased the sensitivity of EO771 

cells to the treatment of Ŭ-amanitin and T-Ama when in the presence of low levels of 

HER2 (Fig. 3.17F, G). We next assessed the therapeutic responses of orthotopic HER2-

low and 11Bloss EO771 mammary tumors to the treatment of T-Ama alone or in 

combination with PD1-blocking antibody in the C57BL/6-Tg(WapHER2) mice. While the 

PD1 blockade treatment had minimal anti-tumor activity, the T-Ama (5 mg/kg) treatment 

alone markedly inhibited the tumor growth (Fig. 3.18A). More remarkable tumor growth 

control as well as extended survival of the tumor-bearing mice were observed when  
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Fig. 3.17 Generation of isogenic E0771 cell line with heterozygous 11B loss. (A) 

Schematic illustration showing Cas9/sgRNA-targeting sites in the mouse chromosome 

11B region, which is syntenic to human chromosome 17p. (B) The 11B deletion in the cell 

colonies was confirmed by PCR. To assess whether the 16 megabases region had been 

excised following Cas9 cleavage, we performed a deletion PCR using primers that binds 

to Flcn and a reverse primer that binds to Crk. (C) Sanger sequencing result showed the 

break point junction, confirming the loss of chromosome 11B in the isogenic EO771 cell 

line. (D) The expression level of POLR2A was reduced ~51% in the 11Bloss EO771 cell 

line, compared to that in the 11Bintact EO771 cell line as shown by Western blot. (E) 

Human HER2 was transduced to 11Bintact or 11Bloss EO771 cells using lentivirus. The 

amounts of HER2 molecules on cell surface of the isogenic EO771 cells were measured 

by flow cytometry. MFI, median fluorescence intensity. (F) The isogenic 11Bloss cells 

(IC50 = 0.52 µg/ml) are more sensitive to a-amanitin than 11Bintact cells (IC50 = 4.43 

µg/ml). (G) HER2-low/11Bloss EO771 cells were vulnerable to T-Ama (IC50 =14.65 

µg/ml, equivalent to 0.09 µg/ml of Ama).  
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T-Ama was added to the PD1 blockade treatment (Fig. 3.18A, B). To examine the T-

Ama-induced immunological changes, we harvested the mammary tumors for mass 

cytometry (CyTOF) analysis (Fig. 3.18C).  The T-Ama treatment alone or in combination 

with PD1 antibody led to a drastically enhanced infiltration of immune lymphocytes, 

particularly CD8+ T effector cells, and conventional CD4+ T cells, in comparison with the 

single-agent treatment of PD1 antibody or control treatment (Fig. 3.18D and Fig. 3.19A), 

hereby tipping the balance towards a more anti-tumor microenvironment. To determine 

whether CD4+ and CD8+ T cell populations are responsible for the immunological effect 

of T-Ama, we depleted mice of both CD4+ and CD8+ T cells. The depletion antibodies 

were administered intraperitoneally before tumor inoculation and every three days 

thereafter until the end of the experiment. The anti-tumor effect for T-Ama was 

significantly (p< 0.01) dampened upon CD4+/CD8+ depletion (Fig. 3.19B), confirming 

the functional consequence of T cell-mediated immune response in the T-Ama treatment. 

We next performed a functional characterization of tumor-infiltrating T cells in control 

and treated mice. For T-Ama and particularly the combination treatment, we observed a 

marked increase in the activity (IL-2) of both CD4+ and CD8+ T cells as well as signs of 

T-cell exhaustion (PD1, TIM3, LAG3) (Fig. 3.18E, F and Fig. 3.19C, D). Although those 

T cells display exhaustion markers, the treatment of T-Ama as a single agent or in 

combination led to increased levels of TNFa, IFNg, PRF1 and GZMB in the CD8+ T 

cells, indicating their high activity (Fig. 3.18G, H and Fig. 3.19E-H). Of note, no notable 

toxicity effect was observed on the mouse mammary glands in the T-Ama treatment 

group (Fig. 3.20A). We noticed that the HER2 protein levels in tumors are significantly 

(p < 0.001) lower in the T-Ama and combo treatment groups as compared to control 
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group or PD1 single agent treatment groups, suggesting that further reduced HER2 

expression may be a possible mechanism of resistance against T-Ama (Fig. 3.20B, C). 

Taken together, the results provide insight into the mechanisms of T-Amaôs therapeutic 

activity and a rationale for potential therapeutic combination strategies with immune 

checkpoint blockade therapy. 
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Fig. 3.18 T-Ama potentiates immune checkpoint blockade therapy in treating HER2-

low breast cancer. (A, B) Tumor growth curve (A) and survival analysis (B) in the 

C57BL/6- Tg(WapHER2) mice orthotopically implanted with HER2-low EO771 cells with 

11B loss. Each mouse was orthotopically transplanted with 1 x 106 of HER2-low/11B loss 

EO771 tumor cells. When the tumor reached 75-100 mm3, the mice were randomized to 4 

groups (n=10) and treated with trastuzumab, anti-PD1 mAb, T-Ama or PD1+T-Ama 

combo. (C, D) Analysis of immune profile and microenvironment of the mouse tumors by 

CyTOF with an antibody panel of 26 cell surface markers. tSNE representation of the 

immune cell subtypes after SPADE clustering is included in (C) and mean percentages of 

distinct immune cell populations in the tumors are in (D). (E) Analysis of PD1 and TIM3 

levels on CD4+ T (black dashed line circled) and CD8+ T (red dashed-line circled) cells 

from the mice treated as in (A). (F) Quantitative data analysis for (E). (G) Protein levels 

of TNFa and IFNg in the CD8+ T cells was analyzed by CyTOF with an antibody panel of 

20 T cell activity markers. (H) Intratumoral CD3+ T cells from the mice treated as in (A) 

were analyzed for the levels of secreted TNFa and IFNg by ELISA assay. For statistical 

analysis, One-Way ANOVA was used in (I), Two-Way ANOVA test was used in (G), and 

log-rank (MantelïCox) test was used in (B, E). n.s., not significant; *, p < 0.05; **, p < 

0.01; ****, p < 0.0001. 

 



   

96 

 

 

 

 

 

 

 

A 

 

B 

D C 



   

97 

 

 

 

 

 

 

 

 

E F 

H 

G 



   

98 

 

 

Fig. 3.19 T-Ama treatment increases T cell infiltration and cytotoxicity in 

subcutaneous murine TNBC tumors. (A) Analysis of tumor microenvironment in the 

EO771 tumors from different treatment groups by CyTOF. Data are depicted as box and 

whisker plots with whiskers showing min to max. n = 10 mice per group. Statistical 

analysis was conducted by One-Way ANOVA test. (B) The overall survival of mice 

bearing HER2-low/11Bloss EO771 tumors upon treatment of T-Ama, CD4+/CD8+ 

depletion, or both. Anti-CD4 and ant-CD8 depleting antibodies were administrated 2 days 

before tumor inoculation and thereafter weekly until the end of the experiment. (C) 

Analysis of levels of IL2 and LAG3 on CD4+ T (black dashed line circled) and CD8+ T 

(red dashed line circled) cells from the mice with the indicated treatment. (D) Quantitative 

data analysis for (C). Statistical analysis was conducted by Two-Way ANOVA test.  (E) 

Gating strategy for T cell analysis. (F) Quantification of the cytotoxic T cells (indicated by 

GZMB and IFNɔ protein levels) in different treatment groups. (G) T-Ama, or T-Ama/PD1 

combo treatment increased the numbers of cytotoxic T cells (indicated by the IHC staining 

of GZMB and PRF1 levels) in the EO771 tumor tissue section. (H) Statistical analysis for 

(G). Statistical analysis was conducted by Two-Way ANOVA test. n.s., not significant; 

**, p < 0.01; ***, p < 0.001; ****, p < 0.0001.  
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Fig. 3.20 T-Ama treatment has no overt toxicity on the mammary glands of HER2 

transgenic mice. (A) The effect of T-Ama on the mammary glands of HER2 transgenic 

mice was investigated by H&E staining and further determined by pathological analysis. 

(B, C) Protein levels of HER2 in the tumors at the end of the experiment were measured 

by IHC staining (B) and quantified with Image J (C). a.u., arbitrary units. Scale bar: 100 

ɛm. Statistical analysis was conducted by One-Way ANOVA test. n.s., not significant; **, 

p < 0.01; ***, p < 0.001; ****, p < 0.0001. 
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3.4 Conclusion and Discussion 

HER2-low breast cancer is a molecularly diverse and clinically heterogeneous 

disease, among which TNBC is particularly challenging in cancer therapeutics.  Patients 

with TNBC do not benefit from hormonal or trastuzumab-based therapy because this type 

of cancer does not have estrogen or progesterone receptors and also does not make too 

much of the HER2 protein. Surgery and chemotherapy, individually or in combination, 

have been the only available modalities in most cases. Over the past years, efforts have 

been made to develop effective targeted therapies to improve clinical outcomes in TNBC. 

The first approved immune checkpoint blockade therapy for breast cancer is the PD-L1 

inhibitor atezolizumab plus nab-paclitaxel as first-line therapy for unresectable locally 

advanced or metastatic TNBCs that express PD-L1 in 1% or greater of tumor cells 187. 

Despite enthusiasm for checkpoint inhibitors in metastatic TNBC, results from clinical 

trials using various immune checkpoint inhibitors are mixed 188,189. There is an urgent 

need to develop new targets, combinational therapies, treatment strategies, and prognostic 

biomarkers in TNBC therapy. 

Breast cancer genomics revealed that heterozygous deletion of 17p is a frequent 

genomic event in TNBC.  While p53 aberrancy in the deletion region promotes 

proliferation, metabolism, and metastatic potential of the TNBC cells, we found that 17p 

loss is tightly correlated with poor cytotoxicity of tumor-infiltrating lymphocytes (TILs) 

and poor clinical outcomes in patients with TNBC.  Selective advantage from 17p loss in 

tumor progression may be attributed to the combined impact of the reduced dosage of 

many deleted genes in the region. To accelerate the translational development of 

POLR2A inhibitors, we have been attempting to develop ADC with Ŭ-amanitin as drug 
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payload. This approach simultaneously overcomes two bottlenecks in developing 

POLR2A inhibitors as a cancer drug: systematic toxicity and targeting specificity. One of 

the key factors for a successful ADC is to identify a monoclonal antibody with high 

specificity and effectivity for TNBC. Sacituzumab govitecan (IMMU-132, 

Immunomedics), an anti-Trop2 antibody conjugated to SN-38 seems to be promising in 

treating TNBC190. In this study, we used trastuzumab to develop Ŭ-amanitin-based ADC 

for treating HER2-low TNBC because 1) a high percentage (80%) of TNBC are HER2 

1+ or 2+; 2) trastuzumab has been used in the clinic with great safety as first-line 

standard care for HER2-positive breast cancer 191; 3) T-DM1, emtansine-conjugated 

trastuzumab, was also approved for treating HER2-positive metastatic breast cancer with 

great tolerability and safety 13; 4) a-amanitin greatly induces ICD and thus promotes the 

efficacy of immune checkpoint blockade therapy. Overall, T-Ama appears to be a drug 

candidate with strong clinical potential for HER2-low breast cancer with great tolerability 

and low toxicity. 

As an emerging cancer treatment modality, several ADCs have entered clinical 

trials 192,193. However, a majority of ADCs are based on a few toxic compounds, such as 

maytansines (in T-DM1) and irinotecan (in T-DXd), and their mechanisms of action are 

often limited to microtubule disruption or DNA replication. The clinical efficacy of these 

ADCs could suffer from limited activity in resistant cancer cells or cancer stem cells. 

Accordingly, the use of new drugs that function via alternative toxicity mechanisms will 

potentially enhance the therapeutic activity of ADCs. As one of the recently developed 

warheads in ADCs, Ŭ-amanitin has advantages over other commonly used toxins because 

of its unique mode of action and molecular characteristics 47,194. In particular, as the most 



   

102 

 

potent inhibitor of cellular transcription, Ŭ-amanitin targets the specific vulnerability of 

cancer cells conferred by genomic loss of POLR2A and 17p, which remarkably increases 

therapeutic index by selectively killing cancer cells with this genomic aberrancy, and 

accordingly reduces potential in vivo toxicity.  Inhibition of POLR2A by Ŭ-amanitin 

leads not only to apoptosis of dividing cancer cells with 17p loss but also to that of 

slowly growing or quiescent cancer cells, as often observed in metastatic breast cancer. 

About 15% of breast cancers are HER2-positive, but as many as 45% of breast cancers 

have low levels of HER2 165. Although the latter are not considered candidates for the 

treatment of trastuzumab alone, this study showed that T-Ama is effective in killing 

HER2-low TNBC cells harboring 17p loss. Moreover, since 17p loss is a common 

genomic event observed in most of cancer types such as ovarian cancer, uterine cancer, 

lung cancer, colon cancer, breast cancer, bladder cancer, pancreatic cancer and 

melanoma, T-Ama has the potential to be used for many other cancer types with HER2 

expression. 

Despite its superior anti-tumor activity on HER2-low breast cancer when used 

alone or in combination with PD1-based immunotherapy, T-Ama is generally ineffective 

in the 17pintact tumors, which will limit its clinical utility to the subset of 17ploss breast 

cancer. As an important attribute of ADCs, the drug-to-antibody ratio (DAR) of T-Ama is 

~2 at its current version in comparison with ~4 in T-DM1 and ~8 in TDXd, suggesting 

that the potential effectivity of T-Ama could be further improved. Unlike other warheads 

such as maytansines and irinotecan, pharmacological characteristics and toxicity of a-

amanitin in human body has yet to be studied. As trastuzumab does not bind to rodent 

Erbb2, further drug safety studies and future clinical trials with T-Ama in humans will 
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help address these questions. Nevertheless, the results of this study suggest that the 

clinical development of T-Ama has the potential to become a targeted immunotherapy for 

patients with TNBC. 
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Chapter 4. Inhibition of PIK3C2Ŭ potentiates TNBC immunotherapy by 

upregulating tumor antigen presentation  

4.1 Summary 

Triple-negative breast cancer (TNBC), which accounts for 15-20% of all breast 

cancers, is highly aggressive, metastatic, and with the poorest overall survival rates195,22. 

To date, the treatment for TNBC is still a major challenge in the clinic due to the 

systematic toxicity of chemotherapy and the lack of targeted therapy. However, recent 

progress in immune checkpoint blockade (ICB) has led to the dawn of a new era: cancer 

immunotherapy. Documented evidence has revealed that TNBC has greater mutation 

load33 and higher levels of tumor-infiltrating lymphocytes (TILs)29-32 than other BRCA 

subtypes, indicating a great potential for the development of immunotherapy. Indeed, the 

results of clinical trials with immune checkpoint inhibitors like Ŭ-PD-1/Ŭ-PD-L1 have 

shown substantive benefits in patients with TNBC. However, only a small portion of 

patients with PD-L1+ tumors respond to the anti-PD1/PD-L1 immunotherapies196,197,198. 

The low response rate of TNBC tumors to ICB therapies reflects a fact that immune 

checkpoint signaling is not the only mechanism of immune evasion in TNBC tumors. 

Recently, more and more evidence shows that tumor cells can hide from host immunity 

by down-regulating antigen processing and presentation (APP) pathways, which convert 

mutant proteins to tumor antigens and transport to the tumor cell surface in the context of 

major histocompatibility complex class I (MHC-I) for specific T cell recognition199,200. 

Yet, the mechanisms of how tumor cells suppress APP pathways are still under study 

while no therapeutic strategy is available to enhance antigen presentation on tumor cells. 
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To this end, new strategies should be developed to identify potential therapeutic targets in 

APP pathways to revolutionize the current treatment regimens for TNBC patients. 

Here, we designed a deconvolution-algorithm-derived library screening to find 

new therapeutic targets and identified PIK3C2Ŭ as a key player that determines MHC-I 

turnover and reduces the MHC-I-restricted antigen presentation on tumor cells. In 

preclinical models, inhibition of PIK3C2Ŭ profoundly increased tumor-infiltrating CD8+ 

T cells, suppressed breast tumor growth, and showed high potential enhancing the 

efficacy of PD-1-based ICB therapy, suggesting that PIK3C2Ŭ is a potential therapeutic 

target for TNBC immunotherapy. 

 

4.2 Background and Rationale 

The role of the immune system in cancer has been well recognized for decades but, 

only in the past few years, immunotherapy has become a promising therapeutic approach 

for cancers with limited targeted therapies like TNBC201,202. More and more evidence has 

shown that the survival rate of TNBC patient is closely related to the anti-tumor immune 

activity in tumor microenvironment (TME). However, even though TNBC has a higher 

level of tumor-infiltrating lymphocytes (TILs) which is widely accepted as a key 

predictor of good prognosis when compared to the other breast cancer subtypes, TNBC 

still has the poorest overall survival rate among all breast cancer subtypes, indicating that 

the TILs especially the CD8+ T cells in the TME of TNBC may be not functional29-32. 

Along with the presence of TILs, TNBC also has higher genomic instability and 

mutational burden than the other breast cancer subtypes, which results in a higher 

propensity to generate neoantigens in the context of MHC-I-antigens. Tumor-antigen-
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loaded MHC-I complex can be further recognized by T cells as a ónon-selfô signal and 

then induces T cell mediated anti-tumor activities33. All these findings that TNBC has 

great immunogenic potential and abundant of TILs provide a strong rationale for testing 

immunotherapies. Since TNBC also has a higher expression level of PD-L1 compared to 

the other breast cancer subtypes, immune checkpoint blockade (ICB) treatment using PD-

1/PD-L1 inhibitors on TNBC patients could be very promising. Anti-PD-1/PD-L1 

treatments are set to boost the CD8+ T cell mediated cytotoxicity by blocking the binding 

between inhibitory co-stimulatory receptor PD-1 and co-stimulatory ligand PD-L1 and 

obtain sustained clinical responses. However, the results of current clinical trials on 

PD1/PD-L1 are mixed. The results of two phase I trials with PD-1/PD-L1 inhibitors in 

TNBC patients didnôt satisfy their expectations, with response rates of 18.5% and 19%, 

respectively203,204. Even though more clinical trials like the phase III IMpassion130 trial 

highlighted the potential of combined treatment with PD-1/PD-L1 inhibitors, the low 

response rates are still the bottleneck of ICB therapies187. While tremendous efforts are 

made on increasing therapeutic efficacy and finding new checkpoints for ICB therapies, 

we overlooked the possibility that the immune checkpoint signaling may not be the main 

mechanism of immune evasion in TNBC.  

Anti-tumor immune responses require functional presentation of tumor antigens, 

T cell activation and a tumor microenvironment that favors immune effectors. While ICB 

treatments are designed to stimulate effector T cell response, tumor-associated antigens 

have to be presented in the context of MHC-I/II  on cancer cell surface at a sufficient level 

for recognition by T cells. One primary mechanism by which tumor cells evade immune 

surveillance is to downregulate antigen presentation on the tumor cell surface. Mutant 
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proteins expressed inside tumor cells may not be processed properly and then presented 

on cell surface in the context of MHC-I, leaving tumor cells invisible to CD8+ T cells. 

Recent studies suggest that cancer cells have evolved a multitude of strategies to suppress 

antigen presentation to evade detection and hence the immune response: (1) suppress the 

expression of MHC-I genes83, (2) down-regulate antigen processing by inhibiting 

immunoproteasome machinery (LMP2, LMP7 and LMP10) and endoplasmic reticulum 

aminopeptidases (ERAP1/2)84-86, (3) restrain peptide transport and loading of MHC-I 

molecules by inhibiting the expression of peptide transporters (TAP), chaperones 

calnexin (CNX), calreticulin (CRT) and ERp5786-89, (4) disrupt membrane transportation 

by up-regulating endocytosis pathways or down-regulating exocytosis90,91. However, 

even though more and more studies highlight the significance of MHC-I-restricted 

antigen presentation in tumor evasion, this field is still understudied, leaving very few 

targets to develop drugs. With the fact that no therapy targeting MHC-I-antigen 

presentation pathways is clinically available, developing new screening techniques will 

help to identify novel targets involved in APP pathways in TNBC tumor cells. 

Modulating such targets may enhance the immunogenicity of cancer cells and provide 

significant therapeutic benefit as it would render tumor cells more susceptible to 

cytotoxic T cells. 
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4.3 Results 

4.3.1 Identification of PIK3C2A as a top target whose expression is correlated with 

low cytotoxicity of T cells and poor clinical outcomes 

Library screening techniques and deconvolution-algorithm-based bioinformatic 

methods enabled rapid development of immuno-oncology biomarker discovery in the 

past decade. Although both have been proven successful in cancer target discovery, there 

are still great limitations. While the results from library screening are only representative 

of certain cell lines or animal models used in the experiments and deconvolution analyses 

are no more than predictions, combing their advantages will give new insight into the 

next generation of biomarker discovery. To fasten the screening process and to have a 

much more efficient way to test the functions of each predicted gene with high potential 

in regulating antigen presentation and anti-tumor cytotoxicity, we developed a 

deconvolution-algorithm-based small-scale library screening to identify novel cancer 

intrinsic targets whose expression are negatively correlated with antigen presentation 

level in TNBC. ICTD, the deconvolution algorithm we developed previously, can 

characterize cell-cell interactions and discover cell type specific markers in a highly 

accurate manner. To understand the correlation between gene expression and 

immunocyte activity especially CD8+T cell cytotoxicity in tumor microenvironment, we 

first calculated the Pearson correlation score between mRNA expression level of each 

protein-coding gene and the Relative Cytotoxicity (RC) level of each corresponding 

TNBC patient sample for 7 representative datasets: TCGA(115 patients), GSE18864(84 

patients), GSE32646(115 patients), GSE58812(107 patients), GSE76124(198 patients), 

GSE76274(67 patients), and GSE95700 (57 patients). The correlation score wil l predict 
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the potential impact of each gene on respective immunocyte activity. Then, we ranked the 

correlation score of TCGA dataset and further confirmed the consistency in the other six 

datasets. A total of 45 genes with the most negative correlations with RC were selected as 

library gene pool (Table 4.1). shRNAs targeting these 45 genes in the library were 

transduced into the OVA-EO771 cell line with stable ovalbumin (OVA) expression. The 

knockdown efficacy was tested and only one shRNA with best knockdown efficacy of 

each gene was used for further examination of MHC-I-OVApeptide (H2-Kb-SIINFEKL) 

presentation level on the cell surface and OT-1 T cell (SIINFEKL-H2-Kb-specific CD8+ 

T cell) killing efficacy. The results of screening showed that MHC-I-restricted antigen 

presentation is positively correlated with antigen-specific T cell cytotoxicity in general. 

Some gene knockdowns have effects on both MHC-I-restricted antigen presentation and 

T cell cytotoxicity, while some only have effects on T cell cytotoxicity. Multiple 

biomarker candidates were identified as interesting targets whose inhibitions lead to 

enhanced MHC-I-restricted antigen presentation and a higher level of CD8+ T cell 

cytotoxicity. Of note, PIK3C2A knockdown showed the most dramatic effects on MHC-

I-restricted antigen presentation and CD8+ T cell cytotoxicity, indicating that PIK3C2A 

might be a key regulatory of antigen presentation in EO771 cell line (Fig. 4.1A, B). Here, 

we also highlighted several genes which had been reported as regulators of anti-tumor 

immune activity. As expected, shPBRM1, shATG2B, and shGLS in EO771 increased 

MHC-I-restricted antigen presentation levels and induced more antigen-specific T cell 

killings when co-cultured with OT-1 T cells, while CD274 (PD-L1) knockdown only 

showed the effect on T cell cytotoxicity but not antigen presentation, indicating that our 

screening results are reliable. Furthermore, clinical data analysis revealed that PIK3C2A 
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Table. 4.1 Library gene pool with Pearson correlation score 

 GSE18864 GSE32646 GSE58812 GSE76124 GSE76274 GSE95700 TCGA 

PCF11 -0.211 -0.231 -0.294 -0.281 -0.157 -0.395 -0.715 

AKAP11 -0.313 -0.455 -0.329 -0.250 0.028 -0.294 -0.640 

USP53 -0.267 -0.433 -0.559 -0.246 0.074 -0.360 -0.611 

DAAM1 -0.241 -0.412 -0.574 -0.366 -0.198 -0.482 -0.610 

PIK3C2A -0.531 -0.553 -0.312 -0.198 -0.217 -0.470 -0.599 

NR2F2 -0.197 -0.478 -0.438 -0.512 -0.296 -0.560 -0.592 

SOS2 -0.549 -0.391 -0.372 -0.150 -0.001 -0.584 -0.585 

SHROOM3 -0.566 -0.146 -0.367 -0.228 -0.389 -0.410 -0.581 

ATG2B -0.130 -0.255 -0.455 -0.439 -0.180 -0.506 -0.578 

JMJD1C -0.174 -0.506 -0.446 -0.247 -0.076 -0.449 -0.572 

TET2 -0.321 -0.450 -0.229 -0.132 0.206 -0.490 -0.572 

PRKAA1 -0.295 -0.394 -0.389 -0.156 0.110 -0.096 -0.554 

OXR1 -0.412 -0.394 -0.365 -0.070 -0.007 -0.654 -0.549 

SWAP70 -0.369 -0.522 -0.338 -0.311 -0.263 -0.248 -0.538 

CHD9 -0.261 -0.372 -0.408 -0.385 -0.155 -0.463 -0.536 

DYNC1LI2 -0.363 -0.266 -0.334 -0.200 0.129 -0.381 -0.535 

ZCCHC14 -0.586 -0.286 -0.298 -0.313 -0.276 -0.558 -0.527 

ATXN1 -0.304 -0.432 -0.320 -0.283 0.072 -0.633 -0.517 

CHD6 -0.277 -0.383 -0.479 -0.300 -0.042 -0.344 -0.509 

PURA -0.429 -0.441 -0.355 -0.350 -0.025 -0.450 -0.504 

ABLIM1 -0.384 -0.383 -0.102 -0.234 0.107 -0.494 -0.491 

TSPYL1 -0.313 -0.504 -0.247 -0.328 -0.194 -0.382 -0.483 

NKTR -0.338 -0.317 -0.444 -0.142 -0.140 -0.384 -0.476 

MSANTD2 -0.050 -0.383 -0.406 -0.245 0.024 -0.135 -0.476 

KMT2C -0.453 -0.237 -0.524 -0.106 0.169 -0.511 -0.474 

BRWD1 -0.187 -0.556 -0.457 -0.181 -0.207 -0.201 -0.471 

AFF4 -0.202 -0.379 -0.397 -0.259 -0.237 -0.440 -0.469 

RALGAPA1 -0.141 -0.353 -0.361 -0.148 -0.115 -0.521 -0.448 

TMEM181 -0.411 -0.262 -0.405 -0.295 0.041 -0.046 -0.448 

FAM120B -0.193 -0.256 -0.308 -0.254 -0.394 0.174 -0.444 

HSPG2 -0.043 -0.382 -0.219 -0.531 0.037 -0.504 -0.441 

TTC3 -0.328 -0.381 -0.500 -0.300 -0.349 -0.419 -0.435 

VCL -0.555 -0.081 -0.410 -0.318 -0.445 -0.396 -0.434 

ARHGEF12 -0.316 -0.381 -0.458 -0.355 -0.186 -0.400 -0.428 

PALLD -0.512 -0.434 -0.348 -0.427 -0.411 -0.508 -0.428 

FOXN3 -0.295 -0.251 -0.265 -0.398 -0.023 -0.383 -0.419 

EEA1 -0.276 -0.257 -0.396 -0.212 -0.003 -0.263 -0.416 

ITSN1 -0.277 -0.543 -0.275 -0.446 -0.004 -0.141 -0.394 

CSAD -0.184 -0.421 -0.529 -0.195 -0.050 -0.578 -0.388 

HERC3 -0.185 -0.286 -0.365 -0.379 0.019 -0.229 -0.362 
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BACE1 -0.099 -0.260 -0.317 -0.469 -0.246 -0.566 -0.361 

TGFBR1 -0.414 -0.366 -0.338 -0.258 0.093 -0.548 -0.346 

PBRM1 -0.281 -0.543 -0.373 -0.129 0.055 -0.515 -0.333 

GLS -0.331 -0.107 -0.300 0.086 -0.243 -0.502 -0.178 

CD274 0.288 0.440 0.456 0.493 0.509 -0.372 0.536 

 

 

 

is correlated with poor disease-free survival (DFS) of patients with TNBC, which means 

tumor with high expression level of PIK3C2A has a higher risk of relapse (Fig. 4.1C). 

Additionally, PIK3C2A expression is also correlated with low response rate of Ŭ-PD1 

treatments in different clinical studies and different cancer types (Fig. 4.1D). In 8 of 10 Ŭ-

PD1 clinical studies, tumors with PIK3C2A high expression showed lower response rates 

while no difference in response rates was observed in the other 2 studies, indicating that 

PIK3C2Ŭ might be a new drug target to potentiate Ŭ-PD1-based ICB treatments. To 

understand how PIK3C2Ŭ affects patient survival and the response rate of ICB treatment, 

we analyzed the composition of TILs in TME of TNBC patients by using ICTD and 

found that several kinds of TILs especially T cells are enriched in the tumors with low 

PIK3C2A expression (Fig. 4.2A). We further checked the correlation between PIK3C2A 

expression and total cytotoxicity levels of patient tumors (Fig. 4.2B-D). Negative 

correlations were observed consistently among datasets. The gene set enrichment analysis 

(GSEA) demonstrated that up-regulated genes in the high PIK3C2A expression TNBC 

samples are enriched in antigen presentation cell (APC) related pathways (antigen cross-

presentation pathway, phagosome pathway, dendritic cell pathway) and T cell related 

pathways (CD8 TCR downstream pathway, PD-1 signaling), showing the significant 
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impact of PIK3C2Ŭ on TME (Fig. 4.3). These results collectively suggest that PIK3C2Ŭ 

is likely involved in immune evasion and suppressed antigen presentation in the tumor. 
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Fig. 4.1 PIK3C2A correlates with MHC -I -restricted antigen presentation, T cell 

cytotoxicity and poor clinical outcomes. (A) Schematic illustration of library screening. 

(B) Library screening results.  (C) Kaplan-Meier survival curves of disease-free survival 

(DFS) for TNBC patient groups with high (45%) or low (45%) PIK3C2A expression using 

dataset GSE141441. p values were determined by log-rank test. (D) Response rate of Ŭ-

PD1 treatments for cancer patient groups with high (30%) or low (30%) PIK3C2A 

expression using available datasets GSE91061_SKCM, GSE175699_SKCM, 

GSE115821_SKCM, GSE78220_SKCM, GSE126044_LUAD, GSE162137_CTCL, 

GSE159067_HNSCC, and GSE176307_UC. 
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Fig. 4.2 PIK3C2A correlates with low T cell infiltration and cytotoxicity in TNBC . (A) 

Relative proportions of immunocytes in human TNBC tumor microenvironment. Bulk 

RNA-seq data of TNBC samples from TCGA was analyzed by ICTD.  (B, C) Box plots 

showed the correlation of PIK3C2A expression with total cytotoxicity level (B) and 

relative cytotoxicity level (C) of T cells in TNBC. Data was analyzed with the ICTD 

algorithm on TNBC patients from TCGA cohort. (D) Scatter diagram showed the 

correlation of PIK3C2A expression with relative cytotoxicity level of CD8+ T cells using 

TNBC datasets GSE18864, GSE58812, GSE76274, GSE32646, GSE76124, and 

GSE95700. Each dot represents a tumor sample from TNBC patient.  
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Fig. 4.3 GSEA analysis for PIK3C2A-high versus PIK3C2A-low. The immune-related 

pathways are shown. TNBC patient data from TCGA dataset was used for gene set 

enrichment analysis. ES, enrichment score. NES, normalized enrichment score.  
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4.3.2 Knockdown of PIK3C2A enhances MHC-I -restricted antigen presentation  

in TNBC models and increases CD8 T cell cytotoxicity in vitro 

According to our library screening results, PIK3C2Ŭ might be a key player in 

regulating MHC-I-restricted antigen presentation and then inducing anti-tumor activity 

by modulating T cell infiltration and cytotoxicity in TME. To verify our screening results 

on PIK3C2A, different shRNAs targeting either human PIK3C2A or mouse Pik3c2a were 

transduced into human and mice TNBC cell lines, and MHC-I-OVApeptide presentation 

and overall MHC-I level were assessed by flow cytometry. Interestingly, both MHC-I-

OVApeptide presentation level and overall MHC-I presentation level on cell surface were 

enhanced dramatically with similar pattern after the PIK3C2A gene knockdown, 

indicating that PIK3C2Ŭ might affect antigen presentation by regulating MHC-I 

presentation on the tumor cell surface (Fig. 4.4A). To determine whether the expression 

of genes involved in the MHC-I complex, antigen processing, and antigen peptide 

transport and loading of MHC-I molecules are affected by PIK3C2A-knockdown, both 

RT-qPCR and bioinformatic analysis were used to check the mRNA expression levels of 

related genes (Fig. 4.4B). Minimal differences were observed from the results and further 

examination of immunoproteasome activity proved that PIK3C2Ŭ has a limited impact on 

antigen processing pathways. Since the expression of MHC-I molecules and antigen 

peptide producing capability remain the same with or without PIK3C2A-knockdown, 

MHC-I trafficking and presentation might be the cause. By conducting PIK3C2A 

knockdown in mouse TNBC cell lines and human TNBC cell lines, we noticed that 

higher knockdown efficacy leads to higher MHC-I presentation levels in general (Fig. 

4.5A-F). However, when the knockdown efficacy was as low as around 40%, minimal 
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phenotype was observed, indicating that PIK3C2A coding protein might be abundant in 

cells. Furthermore, we tested whether PIK3C2ɓ has effect on MHC-I presentation. The 

results showed that PIK3C2B-knockdown could not change the MHC-I presentation level 

on the cell surface (Fig. 4.5G, H).  

To determine whether PIK3C2A expression in tumor cells can directly affect the 

cytotoxicity of CD8+ T cells, we conducted T cell cytotoxicity assay by using OVA-

expression mouse TNBC cell line EO771-OVA and human cell line HCC1428 with 

intrinsic MAGE-A10 expression. EO771-OVA cells were co-cultured with activated 

CD8+ T cells isolated from splenocytes of the OT-I transgenic mouse that expresses TCR 

to recognize the OVA antigen in the context of H-2Kb. HCC1428 cells were co-cultured 

with commercial CD8+ T cells which recognize HLA-A2-restricted MAGE-A10 antigen 

peptides. T cell cytotoxicity was measured and analyzed by IncuCyte. Compared to the 

control group, CD8+ T cell cytotoxicity levels in the PIK3C2A knockdown groups were 

significantly increased (Fig. 4.6A-D). Along with the cytotoxicity results, higher levels of 

IFNɔ were secreted by MAGE-A10-specific T cells in PIK3C2A knockdown groups (Fig. 

4.6E). 
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Fig. 4.4 PIK3C2Ŭ regulates antigen presentation by decreasing MHC-I presentation 

level on cell surface but not though antigen processing pathways. (A) Flow cytometry 

results showing the effects of PIK3C2A knockdown on H2-Kb-SINFEKL presentation on 

EO771-OVA cells and H2-Kb presentation on EO771-wt cells. (B) mRNA expression 

levels of MHC-I antigen processing genes analyzed by qPCR. (C) Gene expression of 

MHC-I antigen processing genes using TNBC patient data from TCGA dataset. One-way 

ANOVA test was used for statistical analysis.  
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Fig. 4.5 PIK3C2A knockdown enhances MHC-I presentation level on cell surface. (A) 

Pik3c2a knockdown enhances H2-Kb presentation on cell surface of EO771 cells. (B) 

Pik3c2a knockdown enhances H2-Kd presentation on 4T1 cells. (C) PIK3C2A 

knockdown enhances HLA-A/B/C presentation on MDA-MB-468 cells. (D) PIK3C2A 

knockdown enhances HLA-A/B/C presentation on HCC38 cells. (E) Knockdown efficacy 

of shPik3c2a in EO771 cells. (F) Knockdown efficacies of shPIK3C2A in MDA-MB-468 

cells. (G) Knockdown efficacies of shPik3c2b in EO771 cells. (H) Pik3c2b knockdown 

has no effect on H2-Kb presentation on EO771 cells. The antigen presentation level was 

assessed by flow cytometry. MFI scores are presented for 3 independent experiments. 

One-way ANOVA test was used for statistical analysis. Data are presented as mean ± SD. 

*P < 0.05; **P < 0.01; ***P < 0.001. 
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Fig. 4.6 PIK3C2A expression in tumor cells affects CD8+ T cell cytotoxicity. (A) T cell 

cytotoxicity of OT-1 T cells co-cultured with EO771-OVA with or without Pik3c2a 

knockdown. (B) T cell cytotoxicity of MAGE-A10 specific T cells co-cultured with 

HCC1428 with or without PIK3C2A knockdown. (C) Supernatants from co-culture wells 

of HCC1428 / MAGE-A10 specific T cells were collected tested by ELISA for IFN-ɔ 

levels. (D) Pik3c2a knockdown enhances H2-Kb presentation on cell surface of EO771-

OVA cells. (E) PIK3C2A knockdown enhances HLA-A/B/C presentation on HCC1428 

cells. One-way ANOVA test was used for statistical analysis. Data are presented as mean 

± SD. *P < 0.05; **P < 0.01; ***P < 0.001. 
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4.3.3 Knockdown of PIK3C2A inhibits TNBC tumorigenesis in immunocompetent 

mice, but not in immunodeficient mice 

Tumor cells with higher antigen presentation levels will display more ñnon-selfò 

signals in TME and attract more TILs especially antigen-specific T cells to the location of 

tumor cells. Tumor cells with higher antigen presentation level are also easier to be 

recognized by antigen-specific T cells. Since PIK3C2A knockdown can enhance antigen 

presentation on the tumor cell surface and induce more effective antigen-specific T cell 

killings, PIK3C2A inhibition may affect the tumor growth and the composition of TME 

in vivo. To verify this hypothesis, we examined tumor growth in both immunocompetent 

mouse models and immunodeficient mouse models and analyzed TME profiling by flow 

cytometry. We first accessed the cell proliferation of mouse TNBC cell lines with or 

without Pik3c2a knockdown in vitro (Fig. 4.7A, B). The cells in the control group grew 

slightly faster than the cells with Pik3c2a knockdown in both 4T1 and EO771 models. 

Pik3c2a knockdown has a bigger effect on the EO771 cell line, but in 4T1 only a 

minimal difference in cell proliferation was observed at the late stage of tissue culture. To 

determine whether Pik3c2a expression has an impact on tumor cell proliferation in vivo, 

4T1 and EO771 cells with or without Pik3c2a knockdown were orthotopically injected 

into the mammary fat pad of Nu/J mice and tumor growth was monitored. The tumor 

growth curve showed that altered Pik3c2a levels had no or minimal effects on the 

proliferation of murine TNBC cells in vivo (Fig. 4.7C-H). Then, we tested whether 

Pik3c2a expression has an impact on tumor growth in the immunocompetent mouse 

models. Both 4T1-derived (in BALB/c mice) and EO771-derived (in C57BL/6 mice) 

orthotopic tumors with Pik3c2a knockdown were significantly smaller compared with the  
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Fig. 4.7 Pik3c2a has minimal effects on the proliferation of murine TNBC cells in 

vitro and in vivo. (A, B) Cell proliferation was measured for mouse TNBC cell line 4T1 

(A) and EO771 (B) with or without Pik3c2a knockdown. Data are presented as mean ± 

SD. Two-way ANOVA test was used for statistical analysis. (C, D) 4T1 tumor growth (C) 

and EO771 tumor growth (D) in immunocompromised mice. 3 x 104 4T1 cells and 2 x 105 

EO771 cells were injected in Balb/c and C57BL/6 mice, respectively. Data are presented 

as mean ± SD. One-way and 2-way ANOVA tests were used for data analysis in tumor 

weight and tumor growth, respectively. *P < 0.05; **P < 0.01; ***P < 0.001. (E, F) 

Tumor images (E) and detailed tumor growth curves (F) of 4T1 tumor from Nu/J mice. 

(G, H) Tumor images (E) and detailed tumor growth curves (F) of EO771 tumor from 

Nu/J mice. 
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control tumors, indicating that the tumors in the control groups grew much faster than the 

ones in the Pik3c2a knockdown groups (Fig. 4.8A-H).  The differences in tumor growth 

observed here suggest that Pik3c2a may modulate tumor growth through host immunity 

or immune cells in TME. T cells especially CD8+ T cells, as the effector cells in TME, 

may play a vital role in the suppressed tumor growth with Pik3c2a knockdown. To 

determine the role of T cells in TME, we used another immunodeficient mouse model, 

TCRɓ mutant mice (C57BL/6 background), to check the tumor growth with or without 

Pik3c2a knockdown. Interestingly, in TCRɓ mutant mice, the suppressed tumor growth 

in Pik3c2a knockdown group was rescued. No significant difference in tumor growth was 

observed between the control group and the Pik3c2a knockdown group, indicating that T 

cells should be responsible for the differences in tumor growth observed in 

immunocompetent mouse models (Fig. 4.8I). Furthermore, to examine the Pik3c2a-

knockdown-induced immunological changes in TME, we harvested the 4T1 tumors and 

EO771 tumors for multiple-color flow cytometry analysis to check the composition of 

TME profiling and T cell cytotoxicity. In Pik3c2a knockdown groups, CD8+ T cells were 

significantly enriched in TME compared to the control group (Fig. 4.9A-C). A slightly 

increased B cell population and M1 macrophage population were also observed in 

Pik3c2a knockdown group. The tumor infiltration level of CD8+ T cells was further 

verified by IHC staining (Fig. 4.9D-F). We next performed a functional characterization 

of tumor-infiltrating CD8+ T cells in the control and knockdown group. In Pik3c2a 

knockdown group, we observed a marked increase in the anti-tumor activity level 

(GZMB and Ki67) as well as signs of T-cell exhaustion level (PD1, TIM3, LAG3) of 

CD8+ T cells (Fig. 4.10A, B). Of note, more than 80% of CD8+ T cells were positive on  
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Fig. 4.8 Pik3c2a knockdown inhibits TNBC growth in immunocompetent mice, but 

not in immunodeficient mice. (A, B) 4T1 tumor growth in immunocompetent mice. 4 x 

104 cells were injected orthotopically in each mouse. Tumor growth curves (A) and tumor 

weights (B) are shown. (C, D) EO771 tumor growth in immunocompetent mice. 4 x 105 

cells were injected orthotopically in each mouse. Tumor growth curves (C) and tumor 

weights (D) are shown. (E, F) 4T1 tumor images (E) and detailed tumor growth curve (F). 

(G, H) EO771 tumor images (G) and detailed tumor growth curve (H). (I) EO771 tumor 

growth in TCRɓ mutant mice. 3 x 105 cells were injected orthotopically in each mouse. 

Data are presented as mean ± SD. One-way and 2-way ANOVA tests were used for data 

analysis in tumor weight and tumor growth, respectively. *P < 0.05; **P < 0.01; ***P < 

0.001. 
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PD1, more than 90% of CD8+ T cells were positive on TIM3, and more than 60% of 

CD8+ T cells were positive on LAG3, indicating that the TME of the 4T1 tumor is highly 

suppressive. In Pik3c2a knockdown group, the T cell populations with the expression of 

suppressive markers were even slightly higher. Taken together, tumors in Pik3c2a 

knockdown group have more CD8+ T cell infiltration, a higher population of effector 

CD8+ T cells and exhausted CD8+ T cells. My explanation of the observed phenotype is 

that the Pik3c2a knockdown exposures the cancer cells to the immune system by 

upregulating MHC-I presentation and then recruits more CD8+ T cells into the tumor. 

While these tumor-specific T cells recognize tumor-specific antigens in the context of 

MHC-I and kill cancer cells, they gradually get suppressive due to the very suppressive 

environment.  
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