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Yifan Sun
DEVELOPMENT OF CANCERGENOMICS-GUIDED PRECISION
IMMUNOTHERAPY FORTRIPLE-NEGATIVE BREAST CANCER

Triple-negative breast cancer (TNBC), which accounts fe20% of all breast
cancers, ihighly aggressivandmetastatic with the poorest ovenadtes. While surgery,
radiation, and chemotherapy remain the main treatment options, TNBC represents an
unmet medical need for better treatment strategiesnendougfforts have been made
to devebp 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 TNBCopased
cancergenomicfeatures: 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 POLRJA eamdhitin
(POLR2Aspecific inhibitor). Here, we developed a new drug T a -atnauhitin
conjugated trastuzumab) targeting HEIR®Z TNBC with 17p loss by combining the
e f f e c-anmnitio &nd tthstuzumab (HER2+ breast cancer therapy). Our results
showved that FTAma exhibited superior efficacy in treating HER® 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 HERANBC clinically

feasible targets of-Rma.
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As another genetic feature of TNBC, the higher genomialiilgly and
mutational burden results in more neoantigens presented orrlViiéhg with the
higher level of tumeinfiltrating T cells, making TNBC a perfect model for
immunotherapy compared to the other breast cancer subtypes. Here, we designed a
deconvdution-algorithmderived library screening to find new therapeutic targets and
identified PIK3C2U as a -ltreover gnt reduees thet h a t
MHC-I-restricted antigen presentation on tumor cells. In preclinical models, inhibition of
PIK3C2 U p r osuppressatl brgast tumor growtigreased tumeinfiltrating CD8+
T cells, and showed high potential enhancing the efficaenf D-1 therapy,

suggesting that PlIK3C2U is a potenti al

Xiongbin Lu, Ph.D.,Chair
Mark H. Kaplan, Ph.D.
Emily L. Hopewell, Ph.D.
Chi Zzhang, Ph.D.

Kai Yang, Ph.D.
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Chapter 1. Introduction
1.1Breast Cancer (BRCA)

Breast cancer, which arises in the breast lobules, tubes, or connective tissue, is the
most prevalent cancand the second leading cause of deatlong womein the Unitel
States Almostevery two minuts, there will be a newly diagnosed breast cancer patient
While different criteria and classifications exist, breast cancer can generally be
categorized into four molecular subtypestrogerreceptorER), progesteroneeceptor
(PR), human epidermal growth factor receptor ZR82) positive, and tripleegative

breast cancer (TNB&)In 2013,a new definition of breast cancer molecular subtypes

wasissued: umi nal A (ER/ PR+, HER2T , Ki 67+ < 20%),
HER21 , U0KJ0%)7HER2+ B2 (ER/PR+, HER2 overexpression), HER2
overexpression (ERT, P Rilike THE®R 2( BOR/iTe,r eXPIir,essi o

H E R 2 anjl other special subtyge¥hese subtypes exhibit distinct metastases,
prognoses, and treatment approachkeslerstanding thelinic-pathological features,
such asormone receptor&€R andPR) andHER?2 status, can assist cliniciattsmake
informed therapy decisions for both primary and metastatic breast cancer patients.
In thepast50 yearsthe treatment for BRCA hahiftedfrom an emphasis on
local therapy(surgery, radiationjo systemic precision treatment optigihsrmonal
Therapy chemotherapyandbiological Therapy'. For ER+ and PR+BRCA, tamoxifen
has been proveas a successful regimen in clinical practice. AglactiveER modulator,
it showeddramatic responses and a relatively good safety profile in patientERith
BRCA®’. Targeting HER2, a tyrosine receptor kinase, has been relatively successful

treating HER2-positive breast cancer BRR2 is overexpressed in about-28% of breast



cancers and is associated with aggressive canceratete TrastuzumalfHerceptin®)
was first tested in 1991 and it has been used as dirfigdreatment for HER2+ BRCA
for decades Multiple combination treatments tfastuzumaland chemotherapies
showed very consistent results with 50864 recurrence and 30% less mort&lityOver
the past decad#&je idea of using antibodies to deliver toxic agents to cancer cells began
to rise.Severalantibodydrug-conjugate (ADCYyegiments were devgbedincluding T-
DML1 (Trastuzumab microtubuledepolymerizing agerEmtansingand TDXd
(Trastuzumab Deruxtecarshowinggreater drug activityprolonged OS and less
toxicity'>14 TNBC is the most aggressi\gibtypeof breast cacer It lacks expression of
estrogen receptor (ERndprogesterone receptor (PR), drab low expression 6{ER2.
TNBC treatment is very challenging because of the la@ffettive targeted therapy and

its highly metastatic natut®

1.2 Triple -NegativeBreast Cancer TNBC)

TNBC is a distinct type of breast cancepresentingpproximately 1£20% of all
breast cancer caselaracterized by ERPR, andlow expression oHER2®. TNBC is
frequently categorized assabtype of basdlke breast cancer (BLBGJccording to gene
expression profiling, with the overlap ratio from 60% to 90%

Compared to other breast cancer subtypes, TB@yhly invasive and
metastatic with high recurrence rate and worst surMB@tause of its invasive nature,
around46% of TNBC patients develop distant metastasesrain and visceral organs
within three years of diagnosiEhe median survival time after metastasis is only 13.3

months, with a recurrence rate of 25% after sufdenvhile TNBC patients have a



relapse time of only @0 montls, in contrast, noiTNBC patients have an average time
to relgpse of 3567 monthsThe mortality rate of TNBC patients within three months
after recurrence is as high as 8% All these clinical features contribute @oshorter
survival timecompared to the other subtypes of breast camitkera mortality rate of

40% within the firsfiive years after diagnogfs

1.3 Current treatments for TNBC
1.3.1 Traditional methods

Due to its unique molecular phenotype (ERR, HER low), TNBC is not
responsive to endocrine therapy or HEB®eted therapy. As a resutaditional
methodsncluding surgery, radiation therapy and chemotherapy are the main tnéatme
options for TNBC patientsChemotherapy is the primary systemic treatment, but the
efficacy of conventional postoperative adjuvant chemoradiotherayydimited. And
the systematic toxicity caused blgemotherapieis alsoabig problem forTNBC
patients.

Over thepastyears,multiple neoadjuvant chemotheriag have been developed to
treat TNBC and exhibited promising resulfs. achieve the best outcome for TNBC
patients, the National Comprehensive Cancer Network recommsimgsaombination
chemotherapy regimens that include taxane, anthracycline, cyclophosphamide, cisplatin,
and fluorouracil. Currently, the preferred adjuvant regimens for TNBC include TAC
(taxel/docetaxel + adriamycin + cyclophosphamideC (docetaxel +
cydophosphamidg AC (adriamycin + cyclophosphamieCMF (yclophosphamide +

methotrexate + fluorouracjliCAF (cyclophosphamide + adriamycin + fluorouracéahd



CEFT (cyclophosphamide + epirubicin + fluorouracil + paclitaxel/docetaXékrefore,
selecthg appropriate chemotherapgimensand optimizinghe combination

chemotherapieare crucial for ensuring positive treatment outcomes for TNBC patients

1.3.2 Targeted therapy

The high heterogeneity of TNBC poses a significant challenge in identifying new
therapeutic targets and devgilog targeted therapies. Currentlyere are many ongoing
clinical trialson targeted therapieargeting PARPH class of DNA repair enzymes
Epidermal growth factor recept(EGFR),Androgen receptor (AREStrogen receptor

ER-A36, human trophoblast #esurface antigen 2 (Trep), etc.In the adjuvant setting

for early-stage TNBC patients who carry germline mutations in BRCA1 or BRCAZ2, the
addition of the PARP inhibitor Olaparib has significantly decreased recurrences and
shown improved overall survivé0S) for patient¥. For metastatic’NBC with

mutations in BRCA1 and BRCA2, PARP inhibitors have shown higher response rates in
first- or secondine treatment compared to chemotherapy, as well as longer progression
free survival (PFSHowever,while the use of PARP inhibitorghows benefis to TNBC
patientsthe OS has not been significantly improved with a median of approximately 19
month€>2’. Another targetetherapyrecently approved foaFNBC patients with
metastatidtumorsis the antibodydrug conjugat&acituaimab govitecaifanti-Trop-2

(human trophoblast cell surface antiggrc@njugated t@opoisomerase inhibitor SRS).
When given in the thirdine setting, Sacituzumab govitecsiightly improved both PFS

and OS compared to standard chemothéfappwever,while some promising results



are observed in clinical trialall these target therapies share very similar problems which

are lowresponse rasor 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 therapyMore and moe evidence has shown that the survival rate of TNBC
patient is closely related to the immune activityhiatumor microenvironment (TME).
The presencef tumorinfiltrating lymphocytes (TILS) is widely recognized as a
predictor of good prognosis in TNBZ2, 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 MHitigens, which can be recognizzed 6 n o n
sel f o Bl thesetindimgs demonstratéhat TNBChasimmunogenigotential
andabundant of TILgroviding a strong rationale for testing immunotherapespecially
immune checkpoint blockade (ICB)

Programmed cell death protein 1 (Rpon T cellscanbind to PDL1 and
transmit signalso inhibit T cell proliferation andnduceT cell depletion. This
mechanism enables tumor cells to evade recognition and destruction by the host immune
system especidy CD8+ T cell$*. SinceTNBC also haa higherexpression level d?D-
L1 comparedo theother breast cancer subtyp&SB treatment usin@D-1/PD-L1
inhibitors on TNBC patients would be very promisi@girrently, several monoclonal

antibodies targeting immune checkpoints have been develbped®D1 inhibitors

nivolumab and pembrolizumab and the-BDinhibitor atezolizumab are designed to



disruptthe PD1/PD-L1linteraction while thecytotoxic T-lymphocyteassociated protein

4 (CTLA4) inhibitoripilimumabis meant to inhibithe CTLA4mediatedT cell
exhaustionThe addition olCB treatmento 1st and 2nd line therapiaad theFDA
approval ofanti-PD-1-basedCB for treating TNBChawe shown benefits tgpatients A
clinical study conducted in 2016 investigated the effectiveness of pembroliZUkRéb

1) in treating TNBC. The study found that out of the 27 patients whose antitumor activity
was evaluated, the overall response rate w4 895% Cl, 6.838.1)°. In a similar

phase | clinical study conducted in 2017, atezolizutab®D-L1) was used to te

TNBC, and approximately 10% of the patients experienced a lasting effect from the
treatment®. Although theresponseate of immune checkpoint inhibitors targeting-PD
L1/PD-1 was relatively low, some patientgleedhad good prognas and significantly
increased osrall survival rates. Therefore, the major challenge now is to improve the
responseateof TNBC patients to arPD-1/PD-L1 treatment and convert non
responders to respond&tsurthermore, 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 inhihibn with ant-rPD-1/PD-L1 antibodies increased the

treatment's effectiveness in a murine syngeneic tumor gfodel

1.4Chromosome 17p loss
1.4.1chrl7p loss is a frequent genomic event in cancer
It has been long known from cytogenetic and loss of heterozygosity (LOH)

studies thaheterozygous deletion of chromosome 17p (Chit@Zg is the most



prevalent everin many types of human candacluding TNBCG®42, Within the 17p

deletion region is the tumor suppres$®53 whose deletion or mutation has been long
known as a primary tumorigenic drivétowever, it remains unclear whether the deletion
event, which frequently includes as manys@®genes, impacts tumorigenesis beyond
TP53loss aloneOur recent studghowedthat heterozygous deletion of Chrl7p 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 microenvironmeAtrecent study showed that losskif5a and
Alox15bin the mouse 11B3 (syntenic to human 17p13.1) cooperated w3 (mouse
orthologue offP53 deletion to produce more aggressive disease in lymphoma and
leukemid®. Heterozygous deletion of Chr17p also results in théetetion of the TP53
neighboring essential genes that may not contribute to cancer development. The loss of
such assential genes has been postulated to render cancer cells highly vulnerable to the

further suppression or inhibition of these géfés

1.4.2Chromosome 17p loss creates therapeutic vulnerability in cancer cells

Based on breast cancer genomics and clinical datagcent studieslentified
POLR2A inthe TP53neighboring region as a collateral vulnerability target in the TNBC
tumors, suggesting that inhibition of POLR2A may be a precision therapy approach for
TNBC. POLR2Aencodes the catalytic subunit of RNA polymerase || (RNAP2)
complex®4”. SinceRNAP2 is in charge of mMRNA synthesis and indispensable for cell
survival, complete knockout of POLR2A is lethal to any cell. Whereas

heterozygous/partial losg TP53POLR2Ahas minimal impact on cell proliferation and



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 mecular drugs to specially inhibit POLR2A. One of the most
promising POLR2A inhibitors i§-amanitin, which is an-&a cyclicpeptide produced by
the death cap mushroéfr?* We found that inhibiting POLR2A bg-amanitinkills
human cancer cells witheterozygousgoss of TP53° 25 However thefreefoa m o f U
amanitin causes liver toxicity via the interaction with the hepatespygeific OATP1B3
transporter, limiting its clinical applicatiofsTo over come the drug toxi
amanitin, we h ajwmmanibtnbased andimdgeud anrguigateg (ADC),
which showed significant efficacy in inhibiting the growth of colorectal tumors with
limited toxicity?’. It should be noted that the k&o f -amanitin is~500 pg/kg in micé.
Our study has s hawamitintinthantibabydrugegnjugateADC] U
form, which is 50 times lower than the k{value, leadto complete tumor regression
with no evident systemic toxicity in murine models of huroalorectal cancewith
heterozygousieletion ofPOLR2A°. T h e r-arfardtintmsed ADCs are highly

effective therapeutic agents waeignificantly 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 discovempdltast ten years, dozens of

new targets are discovered by library screening. For example, several components of th



SWI/SNF chromatin remodeling complex includifgrm3, Arid2 andBrd7 were
identified inversely correlated with asttimor CD8+ T cell activity in an in vivgRNA
library screenintf. Another random CRISPR/Cas9 screening in human cell line KBM7
indicated TXNDC11 as a novel factor requiredN&iC class | endoplasmic reticulum
associated protein degradation (ERADAIthough genomevide screening can
objectively identify potential therapeutiargets, it isa surpriseéhat theresuls from
similar screening processes vary significantly across different publications.
Disadvantages of genorwéde library screening includ@odel biaspoor repeatability,
high cost on multiple times afextgeneratiorsequencing, complicated proceduard
time-consuming data analysiBurthermore, researchers typically have to verify each
candidate gene by manipulating its expression levels individually to select imigresti

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

1.5.2 Computational methods

Another methodhatis very popularand widely accepted idiscoveringnew
targetsfor immunotherapys the bioinformatic deconvolution algorithm. Deconvolution
algorithms offer us a very efficient way to assesguh®r microenvironment
components and potential immune response for each tumor S&PAEMBERSORT is
currentlythe mostacceptedieconvolution algorithm thatanaccurately resolve relative
fractions of diverse cell subsetsgane expression profgerom complex tissués To
achieve a higher prediction accuracy in varied tissue microenvironments, we developed a
new deconvolution method ICTD to characterize-cell interactions and to discover

cell type specific markensith improvedperformancelCTD provides substantially new



capabilities for omics data based characterization of a tissue microenvironment, including
(1) maximizing the resolution in identifying residexdl 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) handliting stability problem with ctinear cell types, (4) co
deconvoluting with availablmatched multiomics 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 transcriptomscdata and (i) a sersupervised approach to maximize the
knowledge transfer of cell type and functional marker geemetified in single cell or

bulk cell data in the analysis of tissue data, and (iii) a novel unsupervised approach to
minimize thebias brought by training data. ICTcilitatesprediction ofthe 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 desigdowever, no matter hoaccurateghe 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

Immurotherapy has becontlee most promisingreatment strategy for various
types of cancer. Consequently, researchers have directed their efforts toward
comprehendinghe mechanism ammunotherapy resistance and htmamprovethe

anti-tumor response throughdrapy. Studies have indicated that effective T cell targeting
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therapiedike anttPD1/PDL1 treatmentwly heavily on theumor cell recognition by T

cells However, tumor celleave evolved many mechanisms to eviat@une
surveillancancluding downregulatingMajor Histocompatibility Complex | (MHE).

The binding of peptides from expressed genes to NlHGIlecules enables the transport
and display of antigenic information on the cell surface. This process is crucial for CD8 T
cells b identify cells that are producing abnormal proteins, including mutated proteins
present in cancerBownregulating MHGI not only impairs tumor cell recognition by T
cells, but also hinders the efficacy of immunotherapy such as ICB therapy.

MHC-liscommp sed of t wo domai n shanancauedlby mor phi c
t he human | eukocyte antigen (HLA) gene, and
mi cr o gl o bdThiesclagsiba® HLA class | heavy chafRdA-A, HLA-B, and
HLA-C) are encoded by three distinct gengsese HLAheavy chaia displaya high
degree opolymorphismbecause of thepeptidebinding domais and havaliverse
peptidebinding specificities due to sequence variatfomhis diversity inheavy chain
enabls MHC-I to load a wideange ofdifferentpeptidesand then to beecognized by
CD8+ T cells.

Cancercellsare often geneticallynstable Theycan lose the expression of Ron
essential molecules via gene loss or ep@ic silencing. MH& molecules and other
molecules in the MH@ antigen presentation pathway are not critical for cell viability or
growth.Downregulating or losing MHC | expression will make cancer cells invisible to
CD8 T cells Lossor low MHC-I expression has been correlated with worse overall
prognosis and responesteto ICB treatmenin several cancer patient cohorts and

clinical trials>%°. Furthermoe, cancercellscan also evade immune elimination by
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expressing "noitlassical” MHGIb molecules, such as HI-& and HLAG, to enable

MHC-la-antigen low cancer cells to evade NK cell recognfftéh

1. 6.2 Antigen processingnd presentation(APP)

The antigen processing and presentation (AP&hwayis the mechanism that
generate$i s e | f 0-s e Ipdpti@esignalsfrom cellularproteins for CD8+ T cells to
recognizeThis pathway starts from protein degradation in proteasome to-Maiigen
transportation.

The ubiquitinproteasome pathway is responsible for continuously degrading all
endogenously synthesized protein®ialigopeptides. This catabolic pathway is crucial
for the initial cleavages, particularly the propete@minal cut, required fahe
generain of MHC I-presented peptid&®’. There are three kistbf proteasomes:
proteasomes, immunoproteasomes, and thymoproteaoimesunoproteasomesan be
formedwhen three variants of proteasosubunit§LMP2, LMP7 and LMP1Dare
expressed and incorporated into newly assembling proteasbometo their distinct
catalytic properties, immunoproteasonsasgenerate a variety of pgdes,which are
easierto be presented on MHC | molecuie® Peptidegproduced by pteasomes and
immunoproteasomesre then transported to teadoplasmic reticuluntER) lumenvia
the peptidetransporter§ TAP1/TAP2)which can transport peptides between 9 and 13
residues in lengthnd are further processed by ER aminopeptidases (ERAF)0
residues in length”3. Oncetransported into the lumen of the ER, peptidas be

assembled oMHC | molecules.
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The MHGI-peptidecomplexes are inherently unstable and require stabilization
throughtheinteractions with chaperones such as calreticokidoreductase ERP5@nd
the peptide "editor" Tapasiwithin the peptiddoading comple¥ "> Tapasin retains
peptideempty MHGI molecules in the ER and promotes the loading with-aifgjinity
peptideg®’”. Interaction between TAP1/2 afi@pasin enables peptide exchange into the
MHC-I binding groovetherelease of chaperone proteins, and MH©mplex
stabilization. TAPBPR is anothepeptide editor that promotes peptide loading of MHC |
molecules but is not part of the peptidading comple¥. The MHGI-peptidecomplex
then travels to the cell surface via the Golgi apparatus, where it presents antigens to
CD8+ T cells

Exogenous antigens can also be cmesented through the MHIpathway via
endocytic mechanisms, in which antigens are transported fromdbsamal
compartment to the cytosol, degraded by the proteasome, and then transported to the
ER’. Of note, ells and animals that lacgkhmunoproteasome subunits and peptide

loading complex are viabléut they display defects in presenting MiHEpitope$o-8L

1.63 Upregulating antigen presentation potentiates immunotherapy

Anti-tumor immune responsesquire functional presentation of tumor antigens
T cell activationand atumormicroenvironment that favors immune effectdighile ICB
treatmentaredesigned to stimulate effector T cell response, tuassociated antigens
have to be present@dthe context oMHC-I/1l onthecancercell surfaceat a sufficient
level for recognition by T cellOneprimary mechanism by which tumor cells evade

immunesurveillance is to downregulate antigen presentatiotumor cell surfa&g.
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Mutant proteins express&dthin tumor cells may not be processed propestythe
peptides cannot beresented on cell surface in the contex¥iéfC-1, leaving tumor cells
invisible to CD8+ T cells. Recent studies suggestahater cells have evolved a
multitude of strategies to suppress antigen presentation to evade detection and hence the
immune response: (1) suppress the expression of MiDe&®, (2) dovn-regulate
antigen processing by inhibiting immunoproteasome machih®éi?2, LMP7 and
LMP10) andendoplasmic reticulum aminopeptidases (ERAP1P9) (3) restrain peptide
transport and loading of MHCmolecules by inhibiting the expression of peptide
transportes (TAP), chaperones calnexin (CNX), calreticulin (CRT) and ERY%7(4)
disrupt membrane transportation by-n@gulating endocytosis pathways or dewn
regulating exocytosi$:

Consider the clinical significance tife MHC-I antigen presentation pathway.
Downregulation oMHC-I antigen presentation will make cancers less visible to the
immune system angrotecttumorsfrom CD8+ T cells.Downregulation oMHC |
antigen presentation cancer cellsvill also dampen the efficaof immunotherapy. As
reported, the gene expressiorthe MHC-I antigen presentatigmathway is positively
correlated with the presencetafmorinfiltrating lymphocytes (Tlls), a positive
prognostic featuramong different cancer typeSancers with low MH@ expression
usually havdewerTILs compared to the cancers with MH®igh expressiott .
Meanwhile, loss of MH@ antigen presentation is always associated with worse clinical
outcomes in cancel¥’®. When comes to immunotherapy, it has been reported that the
loss of MHCI antigen presentatiors correlated with resistance to ICB therapy and

adoptive immunotherapy. Similarly, the defectshefl F Nathway, which regulate
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MHC-I antigen presentation levebxealso correlated with the resistance to ICB
therapy®®1% 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
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 sigificant therapeutic benefias it would render tumor cells more susceptible to
cytotoxic T cells.

To restore the immunogenicity of cancer cettenyattemptshave been made to
increase MH@ antigen presentationcluding treatment with IFNDNA
methylransferasénhibitors, andhistone deacetylase (HDAC) inhibitota a phase 2
trial involving only two patients with MH@ negative melanomas, the administration of
systemic | FNo | ed -lexpressiotf A climcal ¢rial in melanama MH C
has demonstrated that | FNo can ¥nhance the e
Meanwhile, severdDNA methyltransferasmhibitors have been promédo restore the
expression of IFNand MHGI antigen presatation pathway genes in cancer céfts®,
Similarly, HDAC inhibitorshave also been reportediterease the gerexpressiorof
MHC-I and MHGI antigen presentatigmathwaygenesn cancer cell ling'§®:110.112114
Even though the mechanism of their drug efficaagunclear FDA still approved
severaHDAC inhibitors andDNA methyltransferase inhibitoracluding the mhibitors
of EZH2 methyltransferafor cancer treatment and combination treatment with

immunotherapy#>116
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Taken togethegurrent attempts to upregulate MH@ntigen presentation by
u s i n gor éplgahetic modifying agenshiowedsome promising results, however, this
therapeutic strategy is still not good enough since several questied to be answered.
First, the mechanism of how epigenetic modifying regimens affeeessiorof
MHC-I antigen presentation pathway genasaas unclear. Secondly, whether they are
directly linked remaisunclear and effects could be indirect becddBAC inhibitors
andDNA methyltransferasmhibitors can affect the expression of numerous gehes
at | ast ,orepigenatiemodiffig\agents work on both cancer cells and immune
cells,whether the effect of improved cancer treatment is mediated through cancer cells or
immune cells remasunclear. Therefore, developing new stratefpesipregulating

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

1.7 PIK3C2A
1.7.1 Clasdll PI3K

The PI3K family is involved in the phosphorylation of inositol lipids at th@13'
position and is divided into three classes based on their structure and substrate
specificity'!”. Classl PI3Ks generate-phosphoinositide lipids, which directly activate
signal transduction pathways. Cldéand clasdll 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 offBiosphoinositide local pools in distinct
subcelluladocationg®® While clasd and Ill have been widely studi#d'?® classll had

beenpoorly explored until its emerging functions were discovered in the past few years.
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Theclass | PIl1 3Ks include PlIK3WAU)] ePPKXKGZRUamddPI
Pl K3C2b arubiquitouglyr eRIske3C2 o kver-ppedié?s'¥dhe i s
main lipid products of the cladbPI3Ks are PI(3,4)Pand PI3P. Different lipid
substrateavailable to clasl PI3Ks in different subcellular locations lead to different
productd?®. For exampleat theplasma membrane (PMyhich is enriched in BPbut
lowi n Pt dl ns, PII#3)Bherepsm erdlasomes thePlack of4P
favors theformation of R3P!27129,
In terms of structureglassll isoforms of PI3Ks possess a conservetéfninal
extension, which includes the PX and C2 domains, and is unique to this class. This
extension is likely responsible for thesociation of clasg PI3Ks with P1(4,5)B-
containing plasma membranesgFi.J) as reportetf*13° Additionally, class Il PI3Ks
have an extended-t¢rminal region, which contains several proteinding domains,
such as the clathrbinding domaininPIRC2 U and t he-richmotifime pr ol i ne
PIK3C 218122 It has been proposed that B2 U d i r e cdathyn, whilends t o
PIK3C2 b d o @fsotenevarhoughPIK3C 2 ghares the Rasinding domain with
classl PI3Ks, the significance of the Rasinding domain oPIK3C 2 fdr the interaction

with small GTPases remains uncféar
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Isoform Domain structure

PI3K core region

Clathrin box motif f :
LLDLD
PI3K-C2 ~ N ‘Ca2l¥ r R —
S v e — - s — G2 el Cashiaadd— PGl c
(PIK3C2A) "\ CBl a5 \ead | PlX 1.C2lj
Clathrin binding Pl1(4,5)P2 binding

? (no clathrin box motif)
PI3K-C2 o il Y Sy S——
(PIK3C26) N-_CBO/RIBIE— Ras — C2/{ Helicalf - Cataiytic— PX [{ C2[-c

PPLPPR
ITSN-binding domain

Intersectin binding

PI3K-C2
(PIK3C2C-{)

N—|Ras — C2 {_ Helical{H

Fig 1.1 Domain structures of the Class Il phosphoinositide 3-kinase (PI3K) isoforms. 134
PIK3C 2 U rlattsrinbanding domain (CBD) containing the clathrin box motif
consensus sequence, whereas therhinal prolinerich region of PIKC 2 b d i r
binds to the SH3 domain of interseefi{ITSN) via its ITSNbinding domain. PIRC 2 |
also present a Rdomainthat is responsible to the binding of PI1(4 5)iPplasma
membranes. C2, protein kinase C conserved region 2 (C2 domain), Catalytic, cate
domain; CBD, clathrirbinding domain; Helical, helical domain; P, prolineh region;

PX, phox homology (PX doain). Ras, Rabinding domain.
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1.72 Endocytosis pathways in cancer cells

MHC-I-antigen complex presented on the cell surface is essential for recognition
by CD8+ Tcells*!. Like other proteins on the plasma membrahe antigeHoaded
MHC-I complex, if not recognized, is continuously removed fronctdesurface for
intracellular degradation or recyclimgckto thecell surfacé&*>'43 To evade immune
surveillance, cancer cells employ various mechanisms to downregulatel Mid@cules
including the repressed expression ontthascriptional level or increased internalization
by endocytosis on the protein le¥/git44

Endocytosiss a constitutive and indispensalkehent in all cell types for nutrient
uptake, signal transduction, and recycling of plasmabrane component&4¢ It can
be subdivided intalathrinmediated endocytos{€ME) and clathririndepenlent
endocytosis (CIE). CMEs the major route for endocytosis in most cells bypdar the
bestcharacterized with regards to the machinery, regulation, and the cargo proteins that it
carries*’. Receptorgind plasma membrane (PM) protedositainingcytoplasmic
tyrosineor dileucine motifssuch asow-density lipoproteir(LDL), transferrinand
growth factors are recognized bthe adaptor protein 2 (AP2) complex and directed into
clathrin-coated pitsvhere they are efficiently internaliz€8 On the contrary, membrane
proteins lacking clathritargeting sequences, such as MHC-intdgrin and Ecadherin,
are intenalized by CIE, which is poorly understood by'#4t°%. Endocytosis through
either CME or CIE delivers proteins intracellularly into early sorting endoséfmafer
which they are routed either tgsbsomes for degradation or back to Fi.

Surprisingly, MHCI recycling as well as its role in antigen presentation are still barely
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studied, even though the critical roles of MiH€omplex are well known in both

immunology and cancer immunotherapy feeld

1.73 PIK3C2Uis essential to clathrinmediated-endocytosiCME)

PIK3C2Ais a gene that encodes the protein phosphatidylingspblosphate -3
kinase C2 alpha (PIBC 2 Unhich belongs to the class Il PI3K familjhis protein plays
a significant role in regulating variourgtracellularprocessesuch as membrane
trafficking, endocytosis, and cytoskeleton dynagic

PIK3C2Umainly generates PI(3,4/t the plasma membrane and PI3P in early
endosomés®, It hasbeen reportethat PIK3C2U canregulateclathrinmediated
endocytosisCME) on vesicle formation through PI(3,4)&1d endosomal sorting and
recycling through PI3P. The-terminal regiorof PIK3C2J canassociate with clathrin
and trasportto the plasma membran® ) where PIK3C®Isynthesizes a local pool of
PI1(3,4)P- required for SNX9 binding to the neck of the forming vesithgs process is
essential for the formation of clathvomated pits (Ce) andfacilitates the recruitment of
Dynamin, a GTPase responsible for the scission of newly formed vesicldsand
maturation of CCP into clathricoated vesicles (CCV. WhenPIK3C2Aexpression is
suppressetly RNA interference, there is a significant decrease in PI(3ldyEls a
delay in CCP maturatigmndmislocalization ofCME markers likdransferrin
receptot®’. Interestingly, overexpressing an exogenous muiR#BC2that only
produces PI3Rails to restore the CCP maturation defettggeshg that the regulation

of PI(3,4)R by PIK3C2Uis crucial forthe initiationof CME'%¢. Meanwhile, PIK3CB is
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growth factor nu&[lenl Iocal pool of PI(3.4)P- MHC-1 molecules
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Fig 1.2 Schematic diagram of the mechanism: Phosphoinositides couple vesicle formation

to conversion of membrane identity.

also recruited to CCP via direct interaction wittersectinl (ITSN1) yet, theroles of
PI3BK-C2b i n the endmalyundestoop'd® hway ar e

Inearlye nd os o me s, P | 3 K C 2RI3Pequicedoy theadtivation po ol of
of RAB11, a masteregulator of endocytic recycling, leading to the budding of nascent
RAB11-GTP-positive recycling vesiclé®. Moreover,P | 3 K @rdiated endocytic
pools of PI3Rcan alsdacilitate endosomal signaling including RhoA, Racl, and Rapl.
Since PI(3,4)Pis essential to the maturation of CCP and PI3P is the identity of

endosomeit is of little surprise thaP | 3 K @l&ysla critical role in CME.
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However,whether classl PI3Ks engage in clathrimdependentendocytosis

(CIE) remains uncleaBurprisingly,almost no report aboutclassl Pl 3 Ksd functi o

CIE has been releasddionsidering 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 identitiesthe early stages of endocytosis. Therefore,

Pl 3KC2U may al so r egul -rmokeculed ak intemdized lbyg h
controlling the maturation of lipid pits and activation of recycling endosokheeover,

the role of the other clagbPI3K,| i k e P 1 &@darlp ynders®od, especially in

whi ch

the early stagestiee ndocyt i ¢ pat hway. Whet her PIK3C2Db

functions withP | 3 K @ #h&) CCP maturation and endosomal recycling remains

unknowrt4°,

1.7 4 Kinase-independent functions of PIK3C2J

In addition toPIK3C206 s c at al YytkBG f cuanract aslastadfold
protein that binds to clathrin amdicrotubuleassociated ACC3 complex, stabilizing
microtubules andhitotic spindle duringnetaphas€® Loss ofPIK3C20 | ead t o
mitosis and proliferation in breast cancer cells, indicating a causal relationship between
PIK3C2U and br e as ¥ Meanwhdeehis sogffold frictioralsoconfers
drug resistance tbaxanesanantimicrotubule agent, during neoadjuvant treatment with
chemotherapyThereforethe knasei ndependent f urhignlightsthes o f
importance of distinguishinigetweerthe kinasedependentunctionsand scaffolding

rolesof PIK3C2U, especially when exploring its
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Chapter 2. Materials and Methods
2.1 Antibody andreagents
Antibody

Anti-POLR2A antibody (s@&7701, 1:5000 dilution for immunoblotting and 1:200
for IHC) was obtained frorBanta CruzAnti-HER?2 antibody (#2156S, 1:100 dilution for
immunoblotting and 1:100 for IHC), antleaved PARP (Asp214) (#5625, 1:1000
dilution for immunoblotting), anticleaved caspase 3 (Aspl175) (#9664, 1:1000 dilution
for immunoblotting), antphospho MLKL (Ser358) (#91689, 1:1000 dilution for
immunoblotting), antHMGB1 (6893, 1:1000 for immunoblotting), and aRtRF1
(31647, 1:400 for IHG)antiNa, K-ATPase antibody (#308), anttEGFR (D38B1)
antibody (#4267)anttmouse CD8a (D4W2Z) antibody (#9894INPP4b Antibody
(#4039S) PI1 3 Kinase Cl ass #12400vere miiQsBfomRabbi t m
Cell Signaling Technology. Anthctin (s¢1616, 1:®00 dilution), HRPantimouse IgG
(s¢2055, 1:5000 dilution), HRIMouse IgG kappa binding protein {86102, 1:5000
dilution) and HRPantirabbit IgG (se2054, 1:5000 dilution) were purchased from Santa
Cruz. AnttIFNAR1 (clone MAR15A3) and isotypanatched control antibodies were
purchased from Bioxcell. aréilpha Actinin 4 antibod{EPR2533, antitHLA Class 1
ABC antibody (EMR85), anttGAPDH antibody (EPR1689,1Anti-MHC Class | H2Kb
antibody (#ab93364)ere purchased from Abcam. APC amtbuse H2Kb bound to
SIINFEKL antibody (25D1.16) (#141605)APC/Cy7 anthuman CD8a antibody
(HIT8a) (#300926), APC/Cy7 anthouse CD8a antibody (587) (#100714), FITC anti
mouse CD4 antibody (GK1.5) (#100405), APCdntmanIFNo ant i body (4S. B3)

(#502512), APCrti-mouse IFNo anti body ( XMG1.-Ruman(THF5 058 10) ,
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U antibody ( MAb 1 injousé BNED 2a9n0t9i ) b,-XTPZE (aMP 6i
(#506306), PerCP/Cyanine5.5 antiman/mouse Granzyme B Recombinant antibody
(QA16A02) (#372212), PE anmthouse/human CD1ldntibody (M1/70)(#101207),
PE/Cyanine5 antnouse CD11c antibody (N418) (#117316), APC-amuse CD19
antibody (1D3/CD19) (#152409), Brilliant Violet 6B5ant-mouse CD45 antibody (30
F11) (#103139), PE/Cyanine7 anibuse F4/80 antibody (BM8) (#12311Byjlliant
Violet 65CE antimouse 4A/I-E antibody (M5/114.15.2) (#10764Burified anti
CRISPR (Cas9) Antibody (#69830BE antimouse CD71 Antibody (#113808&)urified
antrmouse H2Kd Antibody (#116601), Alexa Fluor® 488 amtiouse H2Kd Antibody
(#116610),Alexa Fluor® 647 antmouse H2Kd Antibody (#116612), Alexa Fluor® 647
antrhuman HLAA,B,C Antibody (#311414), Alexa Fluor® 647 Goat amouse IgG
(minimal x-reactivity) Antibody (#405322)were purchased from Biolegerti-
PtdIns(3,4)P2 IgG (#2034b) was purchased from Echelon. PISKC2A antibody

(#TA801690) was purchased from Origene.

Reagent and Kit

Control siRNAs and siRNAs against HMGB1 (s205520, s67572, s67574) were
purchased from Therméisher Primers, shRNAclone setagainst PIK3C2ASHCLNG
NM_002645 /Pik3c2a(SHCLNG-NM_011083)/Pik3c2b(SHCLNGNM_00109927%
were purchased from Sigma.

Proteinase K (#25530049), Lipofectamine 3000 reagent (#1-808)) and Pierce
Protease Inhibitor Tablets (#A32968)emPERE Plus Menbrane Protein Extraction

Kit (#89842), Fast SYBR Green Master MiXCat# 438561Q)PIK3C2A (PI3KC2

24



alpha) Recombinant Human Protein (#PR9052&) Kinase Buffer R (5X#PV5101)
were purchased from Thernkisher Premix WSTF1 Cell Proliferation Assay (#K400)
was purchased from Takafdeasy miniisolation kit QIAGEN(#74106, QIAquick Gel
Extract kit(#28706. QlAquick PCR purification ki{#28106, QlAprep Spin Miniprep
Kit (#2710, andQIAGEN Plasmid Plus Maxi Kif#12965 were purchased from
QIAGEN. ELISA MAXE Deluxe Set Human TNE(#430204, ELISA MAX E

Deluxe Set Mouse TNBE (#430904, ELISA MAXE Deluxe Set Human IF¥
(#430104, ELISA MAXE Deluxe Set Mouse IFN (#430804 were purchased from
BioLegend CD8 MicroBeadghumar) (#130-045-201) andCD8 (TIL) MicroBeads
(mousé (#130116-478)were purchased fromiltenyi Biotec. 08:0 PI(4)P (#850182P
500ug) was purchased from Avanti. P1(3,4)P2 Mass ELISAZ880) was purchased
from EchelonA d e n o striphosphd&eddisodiursalt hydrate (#) was purchased from
Sigma.PI3K inhibitors Wortmannin (#S2758), Alpelisib (BYL719) (#S2814), AZD6482
(#S1462), Duvelisib (IPL45)(#S7028), SAR405 (#S7682) and PIR (#S1187) were

purchased from Selleckchem

2.2 In Vitro Experiments
2.2.1Tissue culture and tissue microarray

Human breast cancer cell lines MCF10A, MIb#B-231, MCF7, HS578T,
HCC1143, BT20, BT474, AU565, MDMB-468, T47D, HCC70, HCC38, ZR751,
HCC1187, MDAMB-453, HCC1149, UACC812, SKBR2ZR7530 and HCC1428vere
purchasedrom the American Type Culture Collection (ATC@)urine mammary tumor

cell lines EO771 and 4TWere purchased from CH3 Biosystem and ATCC, respectively.
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TheJIMT-1 cell line was purchased from Leibniz Institudati-MAGE A10 T
Cell (#11254530DE19) wa purchaseftom 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 BR190daso bt ai ned from Bi omax including
which 83 are TNBC.

For primary breast cancer cell culture, tumor tissues were collected and digested
with MACS Tumor Dissociation Kit (mouse, #1-8@6-730; human, #13095929,
Miltenyi Biotec). Tuma tissues were sliced into small pieces in diameter arowhthgh,
then incubated in 37°C water bath for 40 minutes and dissociated using the
gentleMACSE Octo Dissociator (Miltenyi Biotec). After centrifugation at 300 x g for 7
minutes, single cells werailtured in the DMEM/F1L2 medium supplemented with 5%
FBS, 1% penicillin/streptomycin, 20 ng/mL EGF, 0.5 mg/mL hydrocortisone, 100 ng/mL
cholerat o xi n, and 10 ¢e-gdaysbfcultures aells ivere trypaihizece r 1

washedand ready for the nexr@cedures.

2.2.2Genomic DNA isolation and copy number validation

Total genomic DNA was extracted either from cell lines using DNeasy Blood &
Tissue Kit (Qiagen) or from human tisssgecimensising QIAampDNA FFPE Tissue
Kit (Qiagen) according to manufacturer protocols. The copy number variations
for PSMB6 TP53 POLR2A andFLCN were determined using TagMan probes and
TagMan PCR kitTERTas the reference gene was quantified in the same reaction for

eachDNA sample analysis.
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2.2.3Generation of 17g°sSHS578T cells and 11BSEQ771 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 vectoDNA. The pair of oligos for sgRNA targeting were annealed and
phosphoryl ated. The sequence of oligo DNA ar
CAGCCGACTGAACAGCCGTA3 N} ( WDRS81) , 5N GAGGCATLMCTCACGT
( MAP2 KEJTCCGIGCAGAAGAGCGTG3 6 ( FLCN) and 560
CACTACATCATCAACAGCAG-3 06 (CRK). The annealed oligo v
ligated to the linearized vector. To generatetipogenic HS578T cells, the vectors
expressing sgWDR81 and sgMAP2K3 were transduced into HS578T cells by
electroporation. Similarly, to generate 11B losgjenic EO771 cellg vector expressing
sgFlcn and sgCrk were transduced into EO771 cells. The resulting colonies were
screened for | arge fragment deletion by PCR
GAGCCTGTCCTCACCTACCA3 6 and
5 GGGCTGCTGAGCATCTACAG3 6 f or g e7pdgs amhumancelloand 1
usi ng p-CICMEGCGAATEBSACTGTTGGAG3 6 and
5 &ATTCTGAGTACCACTGCCAAA3 6 for 11B |l oss in murine ¢c
heterozygous loss of 17p or 11B was validated by copy number analysis and protein
analysis. Taectopicallyexpress POR2A in 17°SHS578T cells, FladPOLR2A was
cloned intoa pCDH-CMV lentiviral vector, and then transduced to ¥#pIS578T cells.

FLAG-PoklI WT (#35175) and pCDHCMV (#72265) were purchased from Addgene.
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2.2.4Determination of HER2 status in celllines

The HER2 levels on the cell surface were characterized by quantitative
fluorescenceactivated cell sorting using an aitER2 antibody (#340552; BD
Biosciences). To calculate the number of HER2 molecules per cell, the fluorescent
intensity of HER2 stface staining was compared with the staining with the same
antibody of Quantum Simply Cellular microspheres (#815; Bangs Laboratories)
according to the manufactureroés II-HER2Z2 ructi on.
expressing cells, cells were transdd with lentivirus encoding HER2 protein (Lvp504,

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

2.2.5Cell survival assay
Briefly, cells with ~20% confluence were plated ini&ll plates or 24well
plates or 96well plates in triplicate. After 24h, the cells were treated with drugs
(trastuzumab, FAma, T-DM1, C2ceramide, doxorubicin, aridamanitin in Chapter 2)
(compounds #-123, PIK-90, BYL719, AZD6482, Duvelisib, Wortmannin, SAR405,
BEZ235, Flipin, Dyigo 4a, pitstop II, ES27 and CPZ in Chapter 3) at indicated
concentrations for 72 h. Cells were subjecte
violet staining (dissolved in 10% methanol). Wells were then washed three times and de
stained with acetiacid. The absorbance of the crystal violet solution was measured at

590 nm.
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2.2.6Damageassociated Molecular Patterns (DAMPSs) analysis
Cell death was induced with the IC50 dose ofdéfamide (Crm), doxorubicin
(Dox), anda-amanitin (Ama). Cell death was confirmed by Annexin V (#610941,
Biolegend) and Propidium lodide (P4170, Sigma) staining followed by flow cytometry.
To analyze calreticulin (CRT) exposure on the cell surface, cells were collected and
washed with icecold FBS containing 0.5% BSA and 0.02% sodium azide. After the wash
cells were resuspended in PBS with aatireticulin antibody (ab196158, Abcam) or
i sotype 1 gG (ab199091, Abcam) for 40 min at
cold PBS buffer and staed 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 lodide negative cells. To analyze ATRase, MDAMB-453 and HCC70
were treated as described above followed by incubation with a medium containing 2%
FBS for 24h. The supernatants were coll ected
3 min. The supernatants wsearenentswinieednalgsisel vy us e
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 cefi$iVIGB1 in the
supernatant was detected using an ELISA kit (lamburg) according to the

manufacturerds instructions. The data was an
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2.2.7Flow cytometry analysis of cell death
Cell death was analyzed using tH&C Annexin V Apoptosis Detection Kit |
(#556547,; BD Bi osci e n dnstjuctibneBriéflp, tvx W¥ gellsmanuf act u
were washed twice with cold PBS and resuspended in 1x binding buffer (0.1M
Hepes/NaOH (pH 7.4), 1.4 M NacCl, #8M CaCp) contaning FITGconjugated Annexin
V andPropidium iodide (PI). Samples were then incubated for 15 min at room
temperature in the dark and subjected to flow cytometry-(Respase inhibitor X’AD
(Ome}FMK (#14463) and RIP1 kinase inhibitoecrostatinl (#11658) were purchased

from Cayman Chemical.

2.2.8Immunohistochemistry

Breast tissue microarray or mice tumor sections wefgadaffinized in xylene,
rehydratedand 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 mi nNext,the bl ock end
sections were blocked with 5% normal goat serum followed by incubating with indicated
pimary anti bodies at 4 AC overnight. The samp
and incubated with secondary antibodies. A streptadditin peroxidase detection
system was used to develop the signal accord
peroxidase Substrate Kit, Vector Laboratory). Counterstaining color was carried out
usingHarrismodifiedhematoxylin. Allimmunestained slides were scanned on the
Automate Cellular Image System Il for quantification by digital image analysis. The

HERZ2 sore was determined by an independent pathologist.
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2.2.9Immunoblotting

Cel | |l ysates were prepared using cel/l l ys
NacCl , 1 mM E BQ 8.5% ToitoreX%O0 BIP 1 mM phenyl met hyl su
fluori de, 1 mM sodium f 1 uo rtiofdgatinin mM sodi um
leupeptin, and pepstatinproteins were then resolved by Sp&yacrylamide gel
electrophoresis gels and subsequently transferredRBd) to polyvinylidene difluoride
membranes (Millipore). Membranes were then blocked with 5% milk, followed by
incubation with indicated primamntibodies overnight. Membranes were then washed
and incubated with peroxidasenjugated secondary antibodies (Santa Cruz
Biotechnology). Finally, the relevant protein was visualize@iyanced

chemiluminescence system (PerkinElmer) according to thefmamut ur er 6 s 1 nstruc

2.2.10RNA isolation and quantitative PCR

Total RNA was isolated using RNAeasy Mini K@iager) and then reverse
transcribed with qScript cDNA synthesis kit (Quantabidhe resulting cDNA was used
for gPCR using PerfeCta SYBR Green Supermix (Quantabio) withgpwfic primers
and the results were normalized to PPIA (peptidylprolyl isomerase A) cohtel.
primer sequences are:
MX1:
5 0GTTTCCGAAGTGGACATCGCA3 6 RGCTUGCACAGGTTGTTCTCAGES 6 ;
OAS2:
5 - ACGTGACATCCTCGATAAAACTG-3 6 a-AACCGAICAAGGGACTTCTG3 6

RSAD2:
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5 OTTGGACATTCTCGCTATCTCCT3 6 a-mM@TGEDBITGATCTGTTCCGTGE3 6 ;
CCLA4:

5 &TGTGCTGATCCCAGTGAATG3 6 and

5 JCAGTTCAGTTCCAGGTCATACA306

TNF:

5 0GAGGCCAAGCCCTGGTATG3 6 a-ICGGAECEGATTGATCTCAGE3 0 ;
IRF1:

5 OCTGTGCGAGTGTACCGGATGE3 6 a-mMECCEB@ACATGACTTCCTCTFE3 0 ;
CCL2:

5 OCAGCCAGATGCAATCAATGCG3 6 a-mM@GABTCCTGAACCCACTTCT3 6 ;
CXCL1:

5 -GAACCGAAGTCATAGCCACAC3 6 a-IGITGBATTTGTCACTGTTCAGG30 ;
CXCL10:

5 GTGGCATTCAAGGAGTACCTG3 6 a-MGATGCECTTCGATTCTGGATT3 6 ;
IFNB1:

5 ATGACCAACAAGTGTCTCCTCG3 6 and

5 &GGAATCCAAGCAAGTTGTAGCTGS 6

PPIA:

5 AGGTCCCAAAGACAGCAGAA-3 6 a-BAAGBCACCACCCTGACACAS3 6 .
PIK3C2A:

5 JGCTGGGTACATGATGACTTGA3 6 and

5 JGTCCCATTTTCGACAGTTTTGAS3 6

Pik3c2a:
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5 GGACAGCCCAAGAGGCTTTG3 6 a-@RTGE@TGAGCTTTTCTACATGE3 6 .
Pik3c2b:
5 6GGCTCTGATCCCACCCTAAAT3 6 and

5 ©GCATCCCAGATAGAGACACGAG3 6 .

2.2.11Synthesis andcharacterization of T-Ama

The antiHER2 U-amanitin ADC (FAma) is based on the sequence of
trastuzumab (Herceptin, Roche). Trastuzumab was modified at position 265 to introduce
a cysteine atis position for conjugation using the Thiomab technotefgy> The
resulting THIOMABderivative of trastuzumab was generated using Expi293 cells (Life
Technologies, Carlsbad, CA, USA) and transient transfection mefhioel®ngineered
cysteine residues of the aittER2 THIOMAB antibody were used for conjugation of the
cysteine reactive linkeamanitin compound HDP 30.1699 with cleavable linker by
maleimide chemistry. In brief, the THIOMAB in PBS pH 7.4 was reduced witBPr'C
and interchain disulfides were rexidized by dehydroascorbic acid. Subsequently, the
engineered cysteines were used for conjugation with cysteine reactivedimkeitin
compound HDP 30.1699. DAR (dramtibody ratio) according to L&S analysis wag

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

2.2.12Enzymelinked immunosorbent assay (ELISA)
Single cells from dissociated tumors were seeded in the DMEM culture medium
supplemented with 10% FBS and 1% penicillin/streptomycilis@eere incubated for 4

h with 50 ng/ml PMA and 750 ng/nibnomycin to stimulate the secretion of cytokines.
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Mediumswere collected and centrifuged to remove cells and debris after incubation. The
l evel s of | FNo and TNFU ilyndetecteceusisglEpI®Ar nat ant s
kits (ELISA MAXE Deluxe Set Mouse IF Biolegend, Cat#430804, and ELISA

MAXE Deluxe Set Mouse TNEBiolegend, Cat#430904).

2.2.13Bonemarrow-derived dendritic cells maturation assay
Bone marrow was first isolated from the femof C57BL/6J mice at the age of
7-10 weeks. Bone marrow was next induceddaemarrowderiveddendritic cells
(BDMCs) in RPMI medium supplemented with 5% higgtctivated fetal calf serum, 20
ng/ml mGMCSF (#31803, Peprotech). Fresh medium containifgg/ml mGMCSF
was added on day 2, dayahdday6. The percentage of BDMCs was measured by flow
cytometry. Immature murine BMDCs were-cubated with dying EO771 cells
stimulated with Crm, Dox, and Ama aG indicat
were stimul ated i n Epcaliripopolysadchande (LPS). After@&co n g/ ml o
incubation, the cells were collected, spun d
in PBS. Dead cells were excluded from the flow cytometry analysis by stauitim
SYTOX Blue (Molecular Probes, S11348). Maturation of BMDCs was analyzed by
immunostaining with alCD11c (#117312BioLegend, anttCD86 (#105015,
BioLegend, or anttCD80 (#104705BioLegend, anttMHCII (#107631,BioLegend
and mouse Fc block (#1013@plLegend. Meanwhile, the supernatants were also
collected to check the cytokine secretion from DC. The ELISA kits used here include

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

(#437707 BioLegend.

2.2.14Flow Cytometry

Sample acquisition was done using LSR Fortes2® Xr LSR Fortess@D
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 antmouse CD3IgioLegend Dilution 1:100), APCconjugated anti
mouse CD140éBioLegend Dilution 1:400), PEconjugated antimouse CD326
(BioLegend Dilution 1:100), AF647conjugated artmouse CD32@&ioLegend Dilution
1:100), BV405conjugated artinouse CD45HKioLegend Dilution 1:100), PE/Cy¥
conjugated amtimouse CD3BioLegerd, Dilution 1:100), AF706conjugated artimouse
CD4 @BioLegend Dilution 1:100), APC/Cy+onjugated amrtimouse CD8aRioLegend
Dilution 1:100), APCconjugated artmouse CD8BioLegend Dilution 1:100), PE
conjugated amimouse CD11bRioLegend Dilution 1:200), AF647conjugated arti
mouse CD11cRioLegend Dilution 1:200), PerCP/Cy5-8onjugated artimouse Fn/80
(BioLegend Dilution 1:100), BV42iconjugated amntmouse 1A/I-E (BioLegend
Dilution 1:1000), BV65€conjugated artmouse CD19HioLegend Dilution 1:100),
APC-conjugated antimouse H2Kb bound to SIINFEKL antibodyBjoLegend Dilution

1:20), PerCP/Cy5.5 anthouse H2Kb Antibody BioLegend Dilution 1:100), PEANti-
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Human HLAA,B,C antibody BioLegend Dilution 1:100), FITGconjugated artimouse

IgG BioLegend Dilution 1:100), FITGconjugated antRat IgG BioLegend Dilution

1:100), APCGconjugated artmo u s e BlioEelemd Ojlution 1:100), PEconjugated

antrmo u s e Bidl.&gehd Dilution 1:100), PerCiyanine5.5conjugated anti
human/mouse Granzyme BifpLegend Dilution 1:100), APCconjugated anthuman

| F NBioLeggend Dilution 1:100), PEconjugated anth u ma n  BidLEgend (

Dilution 1:100). The compensation was performed using CompBeads forveegattitrol

(BD Biosciences),aninouse |1 g, © (BD-rBitos$gi-leamatdg ranlagt a
(BD Biosciences). The beads were stained with the corresponding antibodies separately
under the same conditions as the cells were stained in each expe8SWEDX Blue

reagent was used to stain dead cells. Half of the live cells were incubated at 60°C for 2
min to enable membrampermeabilityand then mixed with the other half incubated at

37°C. The mixed cells were stained with SYTOX Blue for 15 mins andi fase
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 samgie w

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.

2.2.15Mass cytometry (CyTOF)
Singlecell suspensions from EO771 tursarnder different treatment arms were

prepared using the mouse tumor dissociation kit (Miltenyi Biotec). Tumor single cells
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were washed twice using freesbusemadeCyTOF buffer (icecold PBS containing 0.5%
BSA and 0.02% sodium azide). To determine theime cell profiling, 1.5x1%ive cells

were used for each sample to be stained with the antibody (fatdé 2.1)isted below.

To determine the T cell activitfhe samewumber of cells were stained wiintibodies
included in panel for T cell analyqi$able 2.2)isted below. CyTOF data were analyzed
with the vViSNE algorithm fronthe Cytobank platform with 7,500 iterations, 30
perplexitiesand 0.5 thera. We next performed SPADE tree analysis based on the viSNE
analysis. The cell populatiomasthen géed manually on the SPADE TREE based on the

selected marker@nd visualized on vViSNE as an overlaid plot.

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

Marker Clone Tag
CD45 30-F11 89Y
I-A/l-E M5/114.15.2 209Bi
CD274/PDL1 10F.9G2 153Eu
CD3e 1452C11 152Sm
CD8a 536.7 146Nd
CD25 3C7 150Nd
CD127/IL7Ra A7TR34 175Lu
CD62L MEL-14 160Gd
CD69 H1.2F3 145Nd
TCRD H57-597 143Nd
CD44 IM7 171YDb
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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 176YDb
CD19 6D5 149Sm
TER-119 TER-119 154Sm
EpCAM G8.8 166Er
Vimentin RV202 156Gd
CCR7Y 4B12 164Dy
Scal D7 169Tm
CD4 RM4-5 172Yb
Foxp3 FJK-16s 165H0
Table 2.2Antibody panel 2 for T cell analysis in CyTOF.

Marker Clone Tag
CD45 30-F11 89Y
CD4 RM4-5 172Yb
CD3e 1452C11 152Sm
CD8a 536.7 146Nd
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CD25 3C7 150Nd
CD127/IL7Ra A7R34 175Lu

CD62L MEL-14 160Gd
CD69 H1.2F3 145Nd
TCRb H57-597 143Nd
CD44 IM7 171Yb
CD19 6D5 149Sm
CD11b M1/70 148Nd
CD11c N418 142Nd
CD223/LAG3 CoB73 174Yb
CD366/TIM-3 RMT3-23 162Dy
NK1.1 PK136 170Er

CD279/PD1 RMP1-30 159Tb
I FNO XMG1.2 165Ho0
IL-2 JES65H4 144Nd
TNFU MP6-XT22 141Pr

2.2.16T cell isolation andeffector function analysis

CD8+ T cell negative selection kits (Miltenyi Biotec) were used to isolate
peripheral T cellfrom mouse spleens. To analyze turndiitrating T cells, the tumors
were firstdigested with collagenase I'§igma and then the tumanfiltrating leukocytes

wereisolated by centrifugation at 4% Percoll (GE) gradient. To measure the effector
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thefunctonof CD8+ T cell s, T cells were first i
BFAwithl €M i onomyci n andmyfiste I3acétarel(PMAhfar 5 b o | 12
hours, therstained with APC/Cy7 conjugated aftD8a antibody (Bibegend). Cells

were then fixedind permeabilized with 4% paraformaldehyde (PFA) and stained with
APC-conjugatecanti-l F N o-conjigted ati NFU and P-eonj@&ed@nti5. 5
GZMB antibodiegBioLegend Generallyto gate cytokines or grandproducing cells,
unstimulatedr cells or T cells stained by an isotype control antibody are used as

negative controls. Thigating strategy is applied in all the flow cgtetry analyses unless

otherwise indicated.

2.2.17Measurement of CD8+ T cell cytotoxicity

For mouse CD8+ T cell cytotoxicity assays, splenocytes were isolated from
female OTFI mice and stimulated with OVA25264 (SigmaAldrich, #S7951) in the
presence of 10 ng/mL R for 3 days (39). The T cells were then centrifuged and
cultured in fresh medium containing 10 ng/mL2LAfter two more days, most cells in
the culture were CTLS.0 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 % i®the ceculture medium
(phenotfree RPMI 1640, 2% FBS) aaitios of 5:1, 1:1, or 1:5. After 6 hours, the
CytoTox 96 norradioactive 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 cellytotoxicity assaysanttMAGE-A10 T cells (Cellero,
#11254530DE19) were stimulated witMAGE-A10 peptide (Cellero, #113&) the
presence of 10 ng/mL {2 for 2 days. The T cells were then centrifuged and cultured in
freshmedium containing 10 ng/mL 1R for 2 more days. After washing 3 times with
PBS, we mixed the T cells ataimorcells (1 x 18) in the ceculture medium (phenel
free RPMI 1640, 2% FBS) at the ratio of 10:1 (aVIAGE-A10). After 24 hours,

CytoTox 96 norradioactive cytotoxicity kit (Proega) was used to measure the
cytotoxic efficiency by quantifying the release of endogenous LDH from NUBA468

cells.

2.2.18Lipid Kinase Activity Assay
The kinaseactivity of PIK3C2 U wa s a s scenspetisvdELISA-hased a
assay08:.0 Pl4Pwasdissolved inlx kinase buffe R, bath sonicatiorior 40 s Amplitude
setting 20%, pulse on 20 s, for twice. Pulse off 28 mM PI4P, 3ugP | K 3 @mdPb
nM compoundsvere combinedhnd i ncubated AddS3 7OM\GmdfPor 10
i ncub at@fdr30a t miBareacfion product PI(3,4)Rvill be used as sample and

be detected b1(3,4)R Mass ELISA kit immediately.

2.3In-Vivo Experiments
2.3.1Animal Studies

Mice (C57BL6, BALB/c and NU/J nude) were purchased from The Jackson
Laboratory Breast cancer cells were harvested and resuspené&&Siand then injected

i nto the mammapensiteffram thepdth gair ofveekokl female mouse
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mammary glands (right sidelumor growth was recorded using digital calipers and

tumor volumes were cal cul?avwhed isthelongegt t he f or n
diameter andV is the shortest dmeter.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 mdgen to prepare cell lysate for immunoblotting analysis, and

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

analyses.

2.3.2Breast tumor xenograft mouse model

Female NU/J mice were purchased from Jackson Lalorate s . BPa0 (5 x 1
HCC70 f Icxankk®er cells in 100 ¢l PBS with 50%
injected orthotopically into th4" mammary fat pads of-%0 6-weekold female mice
Once the tumors r each #dheanmplawer sabdoneizedsto ze ( 50 ~
four groups (n=8/group): 1) trastuzumab 20 mg/kg;-Bnia 2.0 mg/kg; 3) FAma 0.5
mg/kg; and 4) TAma 0.1 mg/kg. The treatment wadministrated on day 12 and day 19.
Similarly, in the mice bearing tumors derived from HEB®/17g™( 2 & @ar 1 0
HER2Iow/17g°*H S 5 7 8 T 8 carer oells,lti® mice were randomized to four
groups (n=8/group): 1) trastuzumab 20 mg/kg N1 2.0 mg/kg; 3) FAma 2.0
mg/kg; and 4) JAma 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
for mul a 8 wherelxs tHe lomgestliameter aid is the shortest diameter. The

mice were euthanized when they become moribund or the tumor volume reached 1,000
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mm?. The overall survival curve of mice was plotted by Kaplan Meier survival analysis.
Mouse body weight during the course of the study was moditévben the mice were
euthanized, tumors were extracted and processed for sectioning and

immunohistochemistry staining.

2.3.3Patient-derived xenograft (PDX) mouse model

The PDX studies were performed by Xent@ehance) 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
standarebf-care (SOC) therapieShe HBCx10 PDX model is a TNBC with mutated
TP53andBRCA2 179" low HER2 overexpression (IHC 1+). The HBT PDX
model was obtained from a primary TNBC with mutaf®@53 174°% and low HER2
overexpression (IHC 1+). The tumor is not responsive to cetixand trastuzumab.
Outbred athymicr{u/ny female mice weighing 285 grams ENVIGQ France) were
used for this studylumors of the same passage were transplanted subcutaneously onto
4-8 mice. When these tumors reached 936 to 1,913 ahonor mice were dhianized.
Tumors were aseptically excised and cut into ~2F fragments and transferred
subcutaneously into the subsequent passage @ the tumor reached a mean
volume of ~150 mrf) 10 mice per group were randomly allocated. Single intravenous
treatment was administered 33 days (HBIDY} posttumor implantation or 36 days
(HBCx-11) posttumor implantation, respectivelyumor volume was evaluated

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

Cell death was induced in EO771 Byamanitin or EO771 (11B3S HER2 1+)
cells by FTAma treatment as indicated. Next, the cells were collected, washed once in
PBS, and resuspended at the desired cell denisitiPBS.C57BL/6or C57BL/6
Tg(WapHER2)nice were inoculated subcutaneously with iremanitin or TAma
treated 9, especivelfp’theXeft flafk. Ten days after vaccination, the mice
were rechallenged subcutaneously on the opposite flaitik thhe corresponding EO771
cellsor EO771 (11B8ss HER2 1 +) °). Cuenbrigrewth(abthe xhallerfye site
was monitored for up to 100 days after the challenge. Mice were euthanized when the

mi ce become moribund or3 the tumor exceeded 1

2.3.5Syngeneic mouse model of breast cancer

FemaleC57BL/6 Tg(WapHER2)nice expressing human HER2 were obtained
from Jackson Laboratories (Stock# 010562). HER2 11B°SEQ771 cancer cells
( 1 S wete @nplanted orthotopically into th& smammary fapads of 68-weekold
female transgenicmicnce the tumors reache’thea pal pabl e
animals were randomized to four groups (n=10/group) for treatmBrttmstuzumab 20
mg/kg on day 7 and 14; (2})Ama 5.0 mg/kg on day 7 and 14; (3) ambuse PD1 10
mg/kg on day 5, 7, 9, 12 and 14; (4) Combo treatme#tma (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 depléfiang/kg anti
CD4 (GKL1.5; rat IgG2b, Bio X Cell) and 10 mg/kg a@GiD8 (536.72; 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 eutblamien they
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become moribund or the size of the tumor reach 1,008 ifine 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 fiteeT CGA database
(1,080 breast cancer patients including 112 TNBC patientsthedETABRIC
database (2,173 breast cancer patients including 320 TNBC patients). The 17p deletion
pattern was defined lpatient 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,iatatfl7p partial loss. The
Circos plot was geerated by Circos package 0.69.9, and the pie chart was generated by
usingthewebrmo (PieDonut) R package. Kaplieier survival analysis was conducted by
the Asurvival o R package after combining the
cancer from th8 CGA and METABRIC cohorts. p values were determinedthieyog-

rank test.

2.4.2Breast cancer transcriptomics data analysis

For the bioinformatics analysis, we used breast cancer data sets from the TCGA
database (1,091 patients) and METABRIC cohort @ j&tients), including 115 TNBC
patients from TCGA and 299 TNBC patients from METABRIC. RBq data were
normalized by FPKM. We performed differential expression analysis fot3pd

17p"* TNBC (METABRIC: 251 TNBC patients), d?IK3C2A high expresion (40%)
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and PIK3C2A low expression (40%) (TCGA: 115 TNBC patierasyl identified two

sets of differentially expressed genes (DEGSs) by using the Limma R packadleewith
threshold set gi < 0.05 and |logfold change (FC)| > 0.25-{est). We next conducted

the Gene Sets Enrichment Analysis (GSEA) for these two sets of DEGs-(dguated
genes and upegulated genes) to identify the underlying function of gene sets. The
annot at ed g e n ecalgent sets Yelsibned) weiz chosemfar the reference
gene sets. @eaueoffsherzeract@st & 0,0nd false discovery rate

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

2.4.3Deconvolution analysis for human breast cancer microenvimment

We utilized our recently developed deconvolution method, ICTD, to access cell
proportions of T cells. Specifically, ICTD identifies dattsfor specific cell types and
uniquely expressed gene markers to optimize the estimation of cell proportion. In the
collected TNBC tissue transcriptomics data, we identified higlxgpoession correlation
among CD2, CD3D, CD3E, CD3G, CD8A, CD247, ITahdGZMK genes. The first
eigen vector of the expression profile of these garassutilized 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 ceexpressed in the samples with high predit¢eélsof total T cells. The
first eigenvector of the expression profile of these gerassitilized 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 teimfdtrating
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immune cells. The code of Inference of Cell Types and Deconvolution (ICTD) can be

accessedt https://changwn.github.co/ICTD/.

2.5 Statistical Analysis

Statistical analysis was conducted using GraphPad Prism and R. Differences
bet ween the two gr ou ptsestsf@ noanally didributed data.i t h
Oneway ANOVA f ol | a-ted or Tvimyway ANOK A& whérs indicated was
conducted to@mpare three or more groups of independent samples for normally
distributed data. Timdependent comparisons were tested with -Twvay ANOVA.
KaplanMeier plots are used for survival curves amalyzed with the Logank test. The
resultsare displayed ashie 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 HER2low breast cancer with 17p loss
3.1 Summay

The clinicalchallenge fotreating HER2 ljuman epidermal growth factor
receptor 2-low breast cancer the paucity of actionablérugtargets HER2-targeted
therapy often had poor clinical efficacy for this disease. Heterozygous loss of
chromosome 17p (17p loss), one of the most frequent genomis @ventast cancer,
renders cancer cells vulnerable to the inhibition of POLR2Awenanitin or RNA
interference. Here we demonstrate #ramanitirconjugated trastuzumab-@Ama)
exhibited superior efficacy in treating HER8w breast cancer with 17p losshd17p
loss involvesa massive deletion gfenesleading tareducedumor infiltrationand
cytotoxicity of T cells and consequently immune evasion during breast tumor
progressionTreatment with FAma induced immunogenic cell death in breast cancer
cells, and thereby delivered greater efficacy in combination with immune checkpoint
blockade therapy in preclinical HER@w breast cancer models. Collectively, the 17p
lossnot only drivesbreast tumorigenesis, beonfers therapeutic vulnerabilities, which
can be utilized to develdprgeted precision immunotherapy

This study®® has been published Science Translational Medicire 2021.
Yifan Sun and Yujind.i contributed equally to this project, in which Yifan and Yujing
designed and performed experiments under mentor Xiongldirsupervision, 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 evémtsany types of human cancér247.157
Within the 17p deletion region the tumor suppressadiP53(encoding p53)whose
deletion omutation has been lorighown as a primary tumorigenic drivE®, However,
it remairs unclear whether the deletion event, whottlenincludesas many as 908 genes
with 346 proteincodinggenesimpacts tumorigenesisesidesTP53loss along>1%9 A
recent studyevealedhatdeletionof Eif5aandAlox15bin the mouse 11B3 (syntenic to
human 17p13.1¢ontributes to the malignancy of lymphoma and leukem@aperabn
with Trp53(mouseTP53 deletion*3, As p53 aberrancy promotes proliferation,
metabolismand metastasignormousefforts have been maderestoe the p53 activity
for therapeutic developmentntall chemical compounds have been developed to block
the MDM2-p53 or MDMX-p53 interactiort®®. However, this strategy is only applicable
to cancers expresgjrwild-type p53, but not foa majority of human cancevdgth mutant
or no p53 expressiomieterozygous deletion df7p results in reduced dosage of the
TP53neighboring essential genes that may not contribute to cancer development.
However the loss of such essential genes remdancer cells highly vulnerable to further
inhibition of these gené$:1¥15% Indeedwe identified arP53neighboring gene,
POLR2A as a potential drug target, whiehcodes theatalytic subunit of RNA
polymerase Il (RNAP2) compleX1571% Because RNAP2 is in charge of mRNA
synthesisa function requirefor cell survivd, complete knockout dPOLR2AIs lethal to
anytype ofcell. Whereadeterozygousoss ofPOLR2AIn cancer cellfas minimal

impact on cell proliferation and survival, it creates therapeutic vulnerability in cancer
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cellscontaining such genomic defects.

As a powerful prognostic marker in nogesitive patientsvith breast cancer,
HER2 overexpressiois associated with increased tumor recurrence and decreased
patient survival®*1€3 In the clinic, mmunohistochemical (IHC) staining for HERas
beenthe most widely used approach for evaluating HER2 as a predictor of response to
antrHER2 therapy®*. According to arrent clinical guidelingsthe IHC results score the
HER2 status apgositive (3+), equivocal (2+), and negative (0 or fo¥)breast cancer
cases®. Despite lowto medium levels of HER2 proteins, breashas with HER2 1+
or 2+arenotconsidereds positivdor HER2 overexpressicandsuch tumors are
believed unlikely to respond to atHER2 therapy®®. Results of clinical trials also
showed that treatment with trastuzumab (&ER2 antibody) or IDM1 (ado
trastuzumab emtansindid not benefit patients with HER8w breast cancef®1¢’
However, a receriER2targeted antibodyrug @njugate(ADC) trastuzumab
deruxtecar{T-DXd) demonstrated promising preliminary antmor activity in patients
with HER2low breast cancéf® suggesting targeting HER2 coudd a feasible
approach for HERZ2ow breast cancer given that artER2 agents are of high efficacy

and specificity

3.3 Results
3.3.117p loss is frequent and correlated with poor immune response breast
cancer

While the heterozygous loss ©P53and I7p was identified in a number of

human cancef**"15"159we hal attempted to develop a therapeutic approach against
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Fig. 3.1 17p°sis one of the most frequenthromosomeabnormalities in breast
cancerand correlates with poor survival (A) Circos plot depicts the distribution ¢
various genomic attributes along the genetic map of human breast cancer (BRC
The Cancer Genome Atl§8CGA) and Molecular Taxonomy of Breast Cancer
International Consortium (METABRIC) cohorts, with tracks for a) chromosome
ideograms and b) Genomede copy number variation (red: amplification, blue:
deletion). The center of the plot shows the percenttB&GA patients with the mos
frequent chromosome amplification (red) or deletion (blu).The proportions of
breast cancer with various 17p statusesct, heterozygous loss, or partial loss) in
each subtype were shown in the pie chart. The CNAal&#®90 BRCA patients wel
downloaded from TCGA anblETABRIC. (C) 17p°Spattern in human breast canct
defined by patient sample clusterif®) KaplanMeier survival curves of overall
survival (OS) for BRCA patient groups with 1%por 17p"using TCGA and

METABRIC datasets. p values were determined byréotk test.
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breastcancetharboring 17p loss. To this end, we first assetisedlistribution of various
genomic attributes along the genetic map of breast cancer (BR&@AYfre Cancer

Genome AtlasTCGA) andMolecular 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 triplegative breast cancer (TNBC), or £4.4h
HER2+) (Fig.3.1B andFig. 3.1Q, 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 cgrargicularly in

TNBC (Fig.3.1 D). To understand the biological relevance of 17p loss, we analyzed the
gene expression profiles in 17#'versus 178TNBC casesHig. 3.2A). The gene set
enrichment analysis (GSEAEmonstrated that uggulated genes in the 17pTNBC

are enriched in cell cycle regulation, DNA replicatiand cell metabolism pathways,

while those dowsregulated genes are often associated with immune respods

modulation of tumor cells as well as turrgiromal interaction (Fig. 3.2B). ®Mused the
Inference of Cell Types and Deconvolution (ICTD) algorithm to assess the correlation of
the 17p lossvith the CD8 T cell infiltration andcytotoxicityin TNBC. The ICTD

allows for an unbiased inference of cell proportions and activities from bulk tissue RNA
seq data®. In comparison with the 17 TNBC, significantly lower levels of CD8T

cell infiltration (p = 9.2€®) and putative cytotoxicityp(= 0.00011) were observed in the

170°STNBC (Fig. 3.2C), which was consistent with the results of CIBERSORT (Fig.
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Fig. 3.217p°scorrelates with low T cell infiltration and cytotoxicity in TNBC. (A)
Volcano plot showing differential expression genes in TNBC witi°Tiersus
17p"at Blue: genes with dowregulated expression, Red: genes witkregulated
expression, Orange: imune pathway related genes, Yellow: cell cycle pathway re
genes. The analysis uses a cutoff wivalue < 0.05 and |le§C| > 0.25(B) The gene
set enrichment analysis for 1%pversus 17§#** TNBC (Blue: downregulated
pathways, Red: upegulated pathways in 1755 TNBC). p value of fisher exact test <
0.05 and false discovery rate (FDR) < 0.01 were set as twdfauriteria. (C) Violin
box plots showed the correlation of 17p status witittiation and cytotoxicity of T
cells in TNBC. Data was analyzed with the ICTD algorithm on 251 TNBC patien
(170°sS 123 patients; 1717 128 patients) from METABRIC cohor{D) Relative
proportions of immunocytes in human TNBC tumor microenvireninBulk RNAseq
data of TNBC samples from TCGA was analyzed by CIBERSOR)IQantification
of cytotoxic CD8 T cells in TMA samples (BR1901) as determined by IHC stainil

CD8and GZMBpv al ues were determined by ur
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3.2D)*"% Furthermore, we confirmed the reduced infiltration and cytotoxicity of‘GD8
cells in 179STNBCs by immunostaining analysis of a TNBC tissue microarray with
GZMB and CD8 antibodies (Fig. 3.2E). Comprehensive immune profiliatysis using

a series of biomarkers for T cell activity and subtypes suggested that most of the T cell
activity markers were dowregulated in 1'7STNBCs in comparison with those in

17p"@t TNBCs. Moreover, downregulation of these T cell markers iglgnassociated

with poor patient survivalHig. 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 jp < 0.05) downregulated in the'¥? 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 statukl(e: 17ploss 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 25:

TNBC patients (17p loss: 123, 17p intak28) from METABRIC cohort are includec
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Fig. 3.4 Analysis of immune-related pathways for 17pPsSversus 17§t TNBCs.
The immure-related pathways are showirhe blue color on axis indicates tumors
with 17ploss. The red color on-Axis indiates tumors with intact 17pata of 251
TNBC patients from METABRIC cohowereused for gene set enrichment analysi

NES, normalizedenrichmentscore. Fisher exact test was used to calculate tadue.
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3.3.2T-Ama is effective in killing HER2-low breast cancer cells with 17p loss

The natural compounid-amanitinis a highly specific inhibitor foPOLR2A with
aKdvalue ~1 nNM Thea p p r o a ¢ famanisnbasegl antibody drug conjugates
(ADCs) disrupts its interaction witthe hepatocytspecific OATP1B3 transporteand
thus drastically reduces liver toxicity and increases tuiaeting specificity’12 We
attempted tal e v e lamgmitinbonjugated trastuzumab-+Ama) for treating HER2ow
breast cancer, particularly HER@v TNBC. To this end, we first determined the
percentage of HERBw TNBC cases that also harbor 17p loss. Analysth@T CGA
breast cancer dataset showed that 32.2% of HEBRZNBCs (HER2 1+ and 2+) are
170° similar to the percentage (39%) of 1?BTNBC cases in the tumor microarray
analysis (Fig3.5A-D). To synthesize -Ama, theU-amanitincompound witha stable
linker was covalently conjugated to the introduced cysteine residue on position 265 in the
heavy chas of trastuzumab with the drantibody ratio (DAR) as ~ 2.0-(g. 3.58. T-
Ama showed the same binding capacity as trastuzumab to4ddigRR@ssing cell lines
(Fig. 3.5R. To assess the targeting specificity and tumor cell killing efficacy ofthe T
Ama, apanel ofl7p"@tand17g° cell lineswereidentified and validated by copy
numbers of the genes in the 17p regieig(3.6A). Heterozygous loss df7pleads to
much reduced POLR2A expression levélgy( 3.6B, which is consistent with previous
repats in othertypes of cancet’-1°":15% We observed a number BNBC 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 #t&R&Il lines

was 8 to 4€rold less than those on the HERRAsitive (IHC 3+) cell lines (BT474,
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Fig. 3.5Analysis of HER2 status in TNBC samples. (AThe proportions of TNBC
with various 17p statuses (loss and others) and different HER2 IHC score (0, 1+,
were showninthepiehart . The 17p status fnothe
loss. The CNA data and HER?2 status data (IHC score and FISH status) of 90 TN
patients was downloaded froR€GA. (B) Frequencies of 17§5°and 17§"tin TNBC
patients with different HR2 scores from TCGA dataset or TNBC tissue microarray
(TMA). (C) The HER2 IHC score and 17p status of the samples in BR1901 was <
The HERZ2 score was determined by independent patlcalagnalysisyhile the 17p
status of the samples was determined by quantitative PCR with the DNA extracte
each sample coréD) Overall view of IHC taining (POLR2A, HER2, CD8, BBVB) of
a TNBCtissue microarrayBR1901) containing 95 cases (83/95 are TNB(E) The
illustration shows the cysteine reactive lirle@nanitin compound with cleavable linke
and maleimide as reactieap.(F) T-Ama and trastuzumab showed the same bindir
activity to breast cancer cell lines with different HER2 status. Cells were incubate

increasing concentrations ofAma or trastuzuma®256C.
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Fig. 3.6 T-Ama exhibits superior efficacy in kiling HER2-low TNBC cells with
17p°ssin vitro. (A) Copy numbers of the genes in the 17p region were determinec
guantitative PCR for a series of breast cell lines. MCF10A, a normal mammary
epithelial cell line, was used as conti@) Expression of HER2, POLR2A ardActin
was determined in breast cancell lines with 17§ or 17g°Sby Western blot(C)
The amounts of HER2 molecules on the surface of breast cancer cells weredbgl
flow cytometry. MFI, MediarFluorescence Intensity. The number of HER2 molecu
per cell was determined usistandard bead§D) The sensitivity of breast cancer cel
lines to the treatment of freeamanitin were shown by their IC50 values. Data are
mean + S.D. of three independent experimdisF) The cytotoxicity of FAma (red
dots) was compared to thatBiDM1 (blue dots) in terms of IC50 value in a number
17p"et (E) and170°% (F) breast cancer cell lines with different levels of HER2 on t

cell surface.
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SKBR3), as determined by flow cytometry (Fig. 3.8€)The free form ot}amanitin
selectivelykills 17p°breastcancer cells (Fig. 3.6D). In the I7§$'cell lines, the tumor
cell killing activity of T-Ama was dependent on the levels of HER2 on the cell surface.
While HER2positive cell lines AU565 and BT474 exhibited high sensitivity to the
treatment of TAma or -DM1, those 17§ 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 1§ breast cancer cells to the treatment of trastuzemab
based ADCs. By contrast;Ama had markedly higher cytotoxicity on the P¥breast
cancer cells with low levels of HER2 tharDM1 (Fig. 3.6F). The halmaximum
inhibitory concentration (IC50) of-Ama was20 to 200folds 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 MDAMB-468 were insensitive to either of these two ADCs regardless of
their 17p statuslo test theantirtumor effect ofT-Amain vivo, HER2-low TNBC cell
lines BT20 (17p®) andHCC70 (17{8%) wereorthotopically implantedhto
immunodeficiat nude(Nu/J)mice.No substantialumor growth or overall survival
differences were observed between control B#dna-treated mice bearing BT20
derived tumors (Fig3.7A). In sharp contrastdainistration ofT-Ama even at very low
doseq0.1-0.5 mg/kg)significantly ( < 0.001)inhibited the growth oHCC70-derived
tumors and treatment of-Ama at 2.0 mg/kg resulted in complete tumor regression (Fig.
3.7B). Of note treatment with 2.0 mgg T-DM1 had no effect on tumor growth in either
BT20 orHCC70derivedtumors Fig. 3.70.

To exclude genetidifferencesacross cell lines, we used the CRISPR (clustered

regularly interspaced short palindromic repeat)/Cas9 sy<tehitto delete one copy of

66



BT20 HCC70
—~Trzm (20 mg/kg)  ~T-Ama (0.5 mg/kg) —Trzm (20 mg/kg) —~T-Ama (0.5 mg/kg)
~T-Ama (2.0 mg/kg) -T-Ama (0.1 mg/kg) ~T-Ama (2.0 mg/kg)~T-Ama (0.1 mg/kg)
= 1001 —~
E 1000 Z 1000
£ I E =
2 2
£ S 50 £ 5
2 500 @ > 3 500 ] | @
2 ES > =
S ] 1 5
5 £ [] J‘.J
R i o 2 ol --.all‘ll Hit oA
7 1934486277 96 7 19 34 48 62 0 40 80 120 160
Days Days Days
BT20 HCC70
1000 — Tem 20 mikg 15007 — Trzm 20 mgikg
. ged T-DM1 2.0 mg/kg _ —— T-DM1 2.0 mg/kg
£ £ |
E £ 1,000
g 600 ns E ) l s ns.
2 1) § I Y3
2 400 A = i
g I } * ‘ g 500 Vi
S A E AT
= 200 Y_;Aéff) ﬂ!,
e i L
0 ; : 0 -
7 19 34 48 62 Z 19 34 48 62

Days

Fig. 3.7 T-Ama exhibits superior efficacy in killing HER2-low TNBC cells with 17°s¢
in vivo. (A, B) Tumor growth curve and survival analysis in nude mice orthotopicall
implanted with HERdow 17g"@BT20 cells(A) and HER2low 17g°SHCC70 cells
(B). Once imors wereestablished, mice were randomized to 4 groups (n=8) and tre
with either 20 mgkgtrastuzumab (Trzm) or different doses efAima. (C) Tumor growth
curve analysigor nude mice orthotopically implanted with HER®v 17p"2'BT20 cells
(left) and HER2low 17@°HCC70 cells (right). Once tumors were established, mice
were randomized to 2 groups (n=8) and treated with either 2drrgstuzumab (Trzm)
or 2 mgkg of T-DM1. Statistical analysis was conducted by Fway ANOVA test for
tumor burderamonggroups, and byogrank (MantelCox) test for animal survival. n.s.

not significant; *,p < 0.05; *** p < 0.001. **** p< 0.0001.
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17p fromWDR81to MAP2K3with the sze of ~19.6megabaseim HS578T cells. DNA
sequencingf the clones revealed the fusion of the remaiMfigR81landMAP2k3genes
(Fig. 38A). Western blotting and RPCR further confirmed the heterozygous loss of
17p in the positive cell colonieFify. 3.8B, Q. Not surprisingly heterozygousleletion of
17pmarkedly sensitizet#lS578Tc e | | -amanitim trédtment with an IC50 value of
D02 ¢ml, which is10-fold lower than that o1 7p"@'HS578Tcells (Fig. 3.8D). Next,

we used the 17}#and 17{#SSHS578T cells t@enerate series ofsogenic cell lins

with stable HER2 expression levels (0, 1+, &rd 3+)(Fig. 3.8E, F. Similarly, the
17p°SHS578T cells with HER2 status from 1+ to 3+ were much more sensitive to the
treatment of TAma in conparison with their isogenic 178 counterparts wittthe same
HER2 status. In the 1P cell lines with HER2 low (1+ or 2+),-Ama exhibited at least
30-fold greater cytotoxicity than that ofDM1 (Fig. 3.9A, B). Ectopic expression of
POLR2A in 17#5HS578T cells partially restored iheesistance tthe T-Ama

treatment (Fig. ® C, D). Due tothe lack of HER2 expression, normal human mammary
epithelial cells (MCF10A), fibroblasts (IMR90, WI38), and hepatodddved cancer
cells (HepG2, Huh7) are extremely insensitive to eithénia or TDM1 treatmentfig.
3.10).

To compare the antumoractivity of T-Ama and TDML1 in vivo, HER2low
17" or 178°SHS578T cell linesvereimplantedorthotopicallyinto immunodeficient
nude(Nu/J)mice The HER2 expression level of the tumors was scored as 1+ by
independent pathological analysisg. 311A). While it had no significant activity on the
17p"*YHER2-low HS578Fderived tumorsKig. 311B), T-Ama manifested high

efficacyin inhibiting the growth of the tumors derived from the isogenic
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Fig. 3.8 Genegation of HER2-low/17p°sisogenic cell lines from parental HS578T
cells.(A) Schematic illustration of 17p deleti¢gn20 megabasesising Cas9 and two
SgRNAs (sgWDR81 and sgMAP2K3Jhe sgRNA targeting sites were underlined ant
PAM sequence was highlighted in red. Colonies were screened using primers flanl
residuaWDR81landMAP2K3 Sanger squencing resultsonfirmed the beak point
junctionin two isogenic coloniegB) Validation of 17p loss by regime PCRusing gene
specific primers(C) Western blots shoadthe protein levels of POLR2A in the two
17p°%isogeniccell clonesof HS578T cells(D) The 17(#SHS578T cells arenore
sensitive to the treatment afamanitin than their 17§#‘counterpart(E) HER2
expression levels were determined by Western blot in a series of isogenic HS578T
lines and other breast cancer cell lin€3.The amounts of HERmolecules on the

surface of isogenic HS5T&ell lines were analyzed by flow cytometry.
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Fig. 3.9 17p loss renderslER2-low breast cancercells highlyvulnerable to T-Ama.
(A, B) 17p"3(A) and 17{3°(B) HS578T cells with different HER2 levelscore 1, 2, 3)
were subjected to-Ama and TDM1 treatment. IC50half maximal inhibitory
concentration. Data are mears.D. of three independent experimen{tS) Ectopic
expression of POLR2A patrtially restorduktresistance of 1PFHS578T cells to TAma.
(D) Ectopic expression of POLR2A in 1¥9HS578T with different HER2 level®ata

are mearx S.D.of three independent experiments.
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Fig. 3.10Cells with no HER2 expression are insensitive to-Ama. Normal human

mammary epithelial cells (MCF10A) and fibroblasts (IMR90, WI38) are insensitive

treatment of TAma. Since liver cells express the transport protein OATP1BG-for

amanitin, the toicity of T-Ama was further tested in two hepatoegrived cancer cells

(HepG2 and Huh7). Data aneeant S.D.from three independent experiments.
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17p°YHER2-low HS578T cells (Fig3.11Q. By contrast, IDM1 did not show any
notable activity oreither17p™@or 17g°Stumors with low levels of HER2 (Fi@.11B,
C). More importantly, in the DM1-resistant HER2ow patientderive xenograft (PDX)
models, TAma showed dosdependent tumor remission aftesingle dose application
of 2.0 mg/kgFig. 3.11D, B. The efficacy of TAma was much more pronounced in the
PDX model with heterozygous loss of 1 g 3.11D, B. Collectively, FAma with U-
amanitinastoxin showed high and specific efficacy in killing HER2v breast cancer
with 17p loss beause of the targatpecific mode of action and the molecular
characteristics of the toxin.

In terms of FAma toxicity, no signs of systemic intolerance (abnordesthor
significantbody weight changes), as well as tissue histological chawgespbserved in
the T-Ama or -DML1 treated groupsHg. 3.12AC). No notable changes in liveelevant
biochemical parameters includiagpartate aminotransferg@esT), alanine
aminotransferas@ALT), and alkaline phosphatase (AP) were s&fter theapplicationof
8.0 mg/kg of FTAma (Fig. 3.12B. Theresults suggeshat theT-Ama hasgreat

tolerability in mice
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Fig. 3.11T-Ama exhibits in vivo anti-tumor activity in treating HER2 -low breast
cancer with 17p loss(A) The HER2 scores of tumors derived from HER®& 17p" or
17p°°HS578T cells were determid®y independenpathological analysien the IHC
results(B, C) Tumor growthcurve and survival analysis of nude mice orthotopically
implanted with HERdow 17" (B) and the isogenic 1 HS578T cell{C). Mice
were randomized to four groups (n=8) after tusvoereestablished and treated with
trastuzumabTrzm), T-DM1, or T-Ama at indicated doseBata shown are mean tumot
volumes + SD.[D, E) Tumor growth analysis of-DM1-resistanct HER2ow PDX
models with 17§'(D) or 17°SS(E). Tumors were treated with single dose
administration of Trzm or -Ama. Data $iown are rean tumor volumes SD.
Immunohistochemical (IHC) staining of HER2 was shown for both tumor mdsiedse
bar: 0.3 mmStatistical analysis was conducted by Fway ANOVA test for tumor
burdenamonggroups, and bjog-rank (MantelCox) test for animal suival. n.s. not
significant; **, p < 0.01; ***, p< 0.001. **** p< 0.0001.
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Fig. 3.12No evident systemic toxicity for FAma in mice. (A, B) Body weights A) as
well as critical liver enzymed®] including alanineminotransferase (ALT), aspartate
aminotransferase (AST) and alkaline phosphatase (AP) in the peripheral blood of t
were measured. Data are presented as the me&h,tH &3 micégroup (C)
Representative H&fstaining of major organs in the miceated with Trzm, TAma and

T-DM1 coll ected at the end point. Scal
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3.3.3Treatment of U-amanitin induces immunogenic cell death

Previous studies reported thaamanitin induced cell death primarily by
apoptosig’®. We confirmed that apoptosis, but not necrosis, is the main death mechanism
induced byJ-amanitin in breast cancer ce(Fig. 3.13). Next, we sought to determine
whetherJ-amanitin induces immunogenic cell death (ICD). ICD is a form of cell death
that induces an effective asttimor immune response via dendritic cells and consequent
activation of specific T cell respons€. We e x ami n e-dmanitiné¢réatment t he U
elicits ICD-characteristic damaegssociated molecular patterns (DAMPS) in the HER2
low MDA-MB-453 and HCC70 breast cancer cells. Three major ICD markers
(calreticulin, HMGBland ATP) were assesseathanitim t he cel |
positive control doxorubin (Dox, a known ICD inducerpr negative control G2
ceramide (Crm§®®  The resul ts cl| earfapanisntedtwkCB t hat t
in the HER2low TNBC cells with markedly higher levels of DAMPs (FigtA-C). ICD
is coupled to the induction of type 1 interferons (IHNthat act in an autocrine fashion
on cancer cé&, thereby increasing their immunogenic potertfiat®® In addition, ICD
also causes the release of pathogen resgikesehemokine'®?. Therefore, we measured
the induction of IFNB1 and IFNkstimulated genes (ISGHYIK1, OAS2 RSAD2, as
well as the pathogen respofide chemokne genes@XCL1, CCL2 andCXCL1Q upon
Uamanitin treatment. Our datamangthowed that bo
significantly ( < 0.001to p< 0.05) induced the RNA expression of these genes in
MDA-MB-453 and HCC70 celld=(g. 14D, E). ICD of cancer cells also indusdendritic
cell (DC) maturatio®®, To as s e s samantirindueddiC® ortDCo f U

maturation, immature bone marralerived 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 (pg/ml) of a-amanitin (Ama) in the
presence or absence of 10 uM of VAD or 20 uM 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+/Pl+), and necrosis (Annexin V-/Pl+) was shown on the right on the panel. Data are
presented as the mean + S.D. VAD: Z-VAD(Ome)FMK; Necl: necrostatifl. (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 ng/ml of a-

amanitin in the presence or absence of 10 uM of VAD or 20 uM of Necl for 48 h.
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Fig. 3.14 a-amanitin induces immunogenic cell death in breast cancer cellgA) The
IC50 values ofCrm and Dox treatmem MDA-MB-453 and HCC70 cells were
determined by cell survival assdf) Treatment ok- amanitin triggered calreticulin
exposure on the cell surface as well as extracellular release of ATP and HMGB1. |
MB-453cellswere treated with IC580seof Crm (C2-ceramide), Doxdoxorubicin) or
Ama (@-amanitin) for72 h, followed by assessment of the proportion ofggeptotic
cells (AnnV+, P4) and apoptotic cells (AnnV+, P1+). Tineedianfluorescencentensity
(MFI) of calreticulin on cell membrane was detaredon the Pl negativecells.
Extracellular ATP and HMGB1 were detected in the supernatant of treated cells. A
Annexin V; PI: Propidium lodide(C) HCC70 was treated with IC&bseof Crm (C2
ceramide), Doxdoxorubicin) or Amad-amanitin), followe by assessment of the
proportion of preapoptotic cells (AnnV+, P) and apoptotic cells (AnnV+, Pl+). The
Median Fluorescence Intensity (MFI) of calreticulin on cell membrane was determi
Pl negative cells. Extracellular ATP and HMGB1 were deteictélde supernatant of
treated cells. AnnV: Annexin V; PI: Propidium lodidB, E) Levels of IFN stimulated
geneqISGs)in HCC70 D) and MDA-MB-453 E) treated with PBS100nM of Dox, or
0.2 mg/ml of a-amanitinfor 48 hwere measured lyRT-PCR.Data arenean + SD of
three independent experimerfatistical analysigor (B, C)was conducted by Orn&/ay
ANOVA test, while gatistical analysi$or (D, E) was conducted by Twavay ANOVA. *,

p< 0.05; ** p<0.01; ** p<0.001*** p<0.00L
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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 U-amanitin-treated cells significantly (p < 0.01) induced up-regulation
of the co-stimulatory ligands MHC-11*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 1L12, TNFU, Il L1b,
| L6, | L 1 0,indhe supefin@dnb Dox or U-amanitin -treated tumor cells
stimulated DCs to release cytokines such as IL12, TNFU, I L1b and 41008, but not

T G F Bs 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) 8. 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 U-amanitin treated cells were well protected (Fig. 3.16B),
supporting the notion of U-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 | IFN

si gnal i ngmaiitin-indudee ICJ(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 frod57BL/6micewasinduced to naive
dendritic cells (DCs). On day 8, the percentage of naive DC cells was revealed by
cytometry. B) The IC50 values of Crm, Dox and Ama in the mouse EO771 cells we
determined by cell survival ass4, D) Analysis of dendritic cell€DCs) maturation
inducedin the coculture withthe cytotoxicanttreated EO771 cells. Myeloid cells isola
from C57BL/6 mice bone marrow were induced to naive,Bdllswed bystimulation
with lipopolysaccharide (LPS) or EO771 cglletreated with CrnDox or Ama The
maturation of DCs was measured by MHH@GNdCD80 (C), or CD86 D). (E, F)
Analysis of the maturation of dendritic cells (DCs) afteicatiure with the EO771 cells
pre-treated with different doses of Ama. The maturation of DCs was melassirg) the
markers MHCII + CD80 (A), and MHCII + CD86 (B). Data are meanSD (n=3).(G)
The cytokines in the supernatant of BMDCs were analyzed by ELISA. Tumor cells
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 de
were removed, and new medium was refilled. The BMDCs were stimulated with LF
ng/ml) as a positive control. Data are depicted as box and whisker plots witlemshisk
showing minimum to maximum reported concentrations. All bars were compared tc
mock bar. Statistical analysis was conducted byw@ey A NOVA wi t h ~

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 vaccina
with cytotoxicanitreated EO771 tumor cells. Ten days after vaccination, mice were
challerged with live untreated EO771 tumor cells. Control mice received an equival
volume of phosphate buffered salif@, C) In vivo assessment of ICIRduced byl-
amanitin(B) andT-Ama (C) using vaccination assag57BL/6 Tg(WapHER2micewere
vaccinated witHC50 dose otytotoxicanitreatedHER2-low/11B°SEQ771tumor cells
and rechallenged with live untreatddER2-low/11B°S EQ771tumor cells(D) In vivo
assessment of IFNARdlockade orthe T-Ama-induced ICDusing vaccination assay.
HER2low/11B°SEQ771 tumor cellsvere treated with 15 pg/ml of-Amaalone or
combined with 10 pg/ml of isotype antibodies, or 10 pug/ml IFNARL1 for 48 h, and wi
then inoculated to the left lower flank 867BL/6 Tg(WapHER2)nice Ten days after
vaccindion, the mice were rehallenged with untreatdive HER2-low/11B°*EQ771
tumor cells(E) In vivo assessmeiatf HMGB1 depletion on the-Amainduced ICD
using vaccination assaER2-low/11B°*EQ771were treated with 15 pg/ml of-Ama
alone or combined with control siRNA or siRNA against HMGB1 for 48 h, and were
inoculated to the left lower flank &@57BL/6 Tg(WapHER2)nice (F) The HMGB1
knockdown efficiency. Ten days after vaccinatidig micewere rechallenged with
untreatedive HER2-low/11B°*EQ771 tumor cellsin C, D, andE, control mice receive
an equivalent volume of PBS as negative vaccinalibe.tumosfree survival was plotte
according to the KaplaMeier method. n=8 mice peraip. Statistics were analyzdyy
logrank (MantelCox) test for animal survivah.s, not significant; **,p < 0.01; ***, p <

0.001; ****, p< 0.0001.
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3.3.4T-Ama potentiates immune checkpoint blockade in treating HER2ow breast
cancer

Giventheimmune engagement observed teamanitinas a warheauh T-Ama,
we reasonedhatT-Ama could inducen efficient anttumor immune responsallowing
the combination of AAmatreatment witimmune checkpoint blockade therapy in
treating HER2ow breast cacer. To facilitate the efficacy test ofAma in
immunotherapyan immunocompetemhouse model for syngeneic breast tumors was
establishedby transplanting human HER&pressing mouse EO771 cells into transgenic
mice,C57BL/6 Tg(WapHER2)This mouse straiexpresses human HER2 und@nouse
Wap(Wheyacid protein) promoter that directs mammary glaspbcific expressioff®.
They do not develop spontaneous tumors but are toleranntan HERZassociated
antigen We also generated an isogenic HHB® (equivalent to HER2 1+) cell line
derived from EO771 with heterozygous loss of chromosome BbB3.17). Loss of
mouse chrmosomel 1B (a16Mb regionbetweerFlcn andCrk or between 11B2 and
11B5, which is syntenic to human chromosome 17p) was generated to model the 17p loss
in human breast cancE&f. The 11B loss markedly increased the sensitivity of EO771
cells to the treatment d&famanitinand FTAma when in the presence of low levels of
HER2 (Fig. 3.17F, G). We nextassessed the therapeutic respsn$erthotopic HER2
low and 11EEO771mammarytumors to the treatment 3tAma alone or in
combination with PD®blockingantibod/ in the C57BL/6 Tg(WapHER2)nice.While the
PD1 blockade treatment had minimal amtinor activity, the TAma (5 mg/kg)treatment
alonemarkedly inhibited the tumor growth (Fig.18A). More remarkabléumor growth

controlas well as extended survival of the tuab@aring mice were observed when
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Fig. 3.17 Generation of isogenic EQ771 cell line with heterozygous 11B loéA)
Schematic illustration showing Cas9/sgRitkgeting sites in themousechromosome
11B region, which is syntenic to human chromosome (B)pThe 11B deletion in the c
colonies was aafirmed by PCR. To assess whether the 16 megabases region had t
excised following Cas9 cleavage, we performed a deletion PCR using primers that
to Flcn and a reverse primer that bindsGxk. (C) Sangesequencing resusthowedhe
break point juntion, confirming the loss of chromosome 11Btime isogenic EO771 cell
line. (D) The expression level of POLR2A was reduced ~51% in th&@tEHD771 cell
line, compared to that in the 11B*EO771 cell line as shown by Western bl&) (
Human HER2 wasransduced td1B"®or 11B°SEOQ771 cells using lentiviruhe
amounts of HER2 molecules on cell surface of the isogenic EO771 cells were mea
by flow cytometry. MFI medianfluorescencéntensity. F) The isogenic 1185cells
(IC50=0.52 ugml) are more sensitive @-amanitin than 1182“cells (IC50= 4.43
pg/ml). (G) HER2low/11B"°SSEQ771 cells were vulnerable teAma (IC50=14.65

pg/ml, equivalent to @9 pg/ml of Ama).
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T-Ama was addetb thePD1blockade treatmerfFig. 3.18A, B). To examine the T
Amainduced immunological changesewarvestethe mammaryumorsfor mass
cytometry (CyTOFmnalysig(Fig. 3.18C). The T-Ama treatmenalone or in combination
with PD1 antibodyted to a drastically enhanced infiltratiohimmune lymphocytes,
particularly CD8 T effector cellsand conventional CD4T cells,in comparison wittihe
singleagenttreatment oPD1antibodyor control treatmenfFig. 3.18D andFig. 319A),
hereby tipping the balance towards a more-tamtior microenvironmenilo determine
whether CD4 and CD8 T cell populatiors areresposible for theimmunologicaleffect
of T-Ama, we depleted mice dfothCD4" andCD8' T cells. The depletion antibodies
were administered intraperitoneally before tumor inoculation and every three days
thereafter until the end of the experiméltte antitumor effect forT-Amawas
significantly < 0.01) dampenedponCD4*/CD8" depletion(Fig. 319B), confirming
the functional consequence of T eelediated immune response in thé\iha treatment.
We next performed a functional characterization of tumfiitrating T cells in control
and treated mice. F@rAmaand particularly the combinatidreatmet, we observed a
marked increase in tretivity (IL-2) of both CD4 and CD8 T cells as well as signs of
T-cell exhaustion (PD1, TIM3, LAG3) (Fi@®.18E, FandFig. 319C, D). Although those
T cells display exhaustion markers, the treatmentAhfa asasingle agent or in
combination led to increased levels of FdN IFNg, PRF1 and GZMB in the CD&
cells, indicating their high activity (Fi®.18G, H andFig. 319E-H). Of note, no notable
toxicity effect was observed on the mouse mammary glands in#maltreatment
group Fig. 3.2DA). We noticed that the HER2 protein levels in tumors are significantly

(p < 0.001) lower in the Ama and combo treatment groups as compared to control
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group or PD1 single agent treatment groups, suggesting that furtheeddd&R?2
expression may be a possible mechanism of resistance ag#inst Fig. 3.28B, C).
Taken together, the resuftsovide insight into the mechanismsTeA m a therapeutic
activity and a rationale for potential therapeutic combination stratediesmvnune

checkpoint blockade therapy
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Fig. 3.18 T-Ama potentiates immune checkpoint blockade therapy in treating HERZ
low breast cancer (A, B) Tumor growth curve (A) and survival analysis (B) in the
C57BL/6 Tg(WapHER2)mice orthotopically implanted with HER2w EO771 cells wit
11B loss. Each mouseas orthotopically transplanted wittx110° of HER2low/11B loss
EO771tumor cells. When the tumor reached @ mn¥, the mice were randomized tc
groups (n=10) and treated with trastuzumab BBt mAb, T-Ama orPD1+T-Ama
combo. C, D) Analysis of immune profile and microenvironment of the mouse tulbnc
CyTOF withan antibodypanelof 26 cell surfacemarkers. tSNE representation of the
immune cell subtypes after SPADE clusterimincluded in(C) andmeanpercentages o
distinct imnmune cell populations in the tumaxee in(D). (E) Analysis of PD1 and TIM3
levels on CDAT (blackdashed line circledand CD8 T (reddashedine circled cells
from the mice treated as in (AJr) Quantitative data analysier (E). (G) Protein levels
of TNFa and IFNyin the CD8+ T cells was analyzeg CyTOFwith an antibody panel
20 T cell activity markergH) Intratumoral CD3T cells from the mice treated as in (A
were analyzed for the levels of secreted aNiAd IFNyby ELISA assay. For statisal
analysis, On@&Vay ANOVA was used in (1), TwaVay ANOVA test was used in (G), a
logrank (Mantel Cox) test was used in (B, E). n.s., not significanp %¢,0.05; **, p <
0.01; **** p< 0.0001.
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Fig. 3.19 T-Ama treatment increases T cell infiltration and cytotoxicity in
subcutaneous murineTNBC tumors. (A) Analysis of tumor microenvironmeit the
EO771 tumordgrom different treatment groups by CyTOF. Data are depicted as box
whisker plots with whiskers showing min to maxs &0 mice per group. Statistical
analysis was conducted by Gwéay ANOVA test.(B) The overall survival of mice
bearing HERZ2ow/11B°*EQ771 tumors upon treatment ofAfna, CD4/CD8"
depletion, or bothAnti-CD4 and anrtCD8 depleting antibodies were administrated 2 ¢
before tumor inoculation and thereafter weekly until the end of the experif@gnt.
Analysis oflevels ofIL2 and LAG3 on CD4 T (blackdashed lineircled) and CD8 T
(reddashed lineircled) cells from the mice with the indicated treatmébf. Quantitative
data analysior (C). Statistical analysis was conductedTwo-Way ANOVA test. (E)
Gating strategy for T deanalysis. F) Quantification of the cytotoxic T cells (indicated
GZMBa n d prétdihdevel¥in different treatment group€s) T-Ama, or FAma/PD1
combo treatment increased tembersof cytotoxic T cells (indicated by the IHC stain
of GZMB ard PRF1levels) in the EO771 tumdissuesection.(H) Statisti@al analysisfor
(G). Statistical analysis was conductedTwo-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 FTAma on the mammary glands of HER2 transgen
mice was investigated by H&E staining and further determinguhbyologcal analysis.
(B, C) Protein levels of HERZ2 in the tumors at the end of the experiment were meas
by IHC staining(B) and quantified with Image({L). au., arbitrary unitsScale bar: 100
€ mStatistical analysis was conducted by @kay 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 cancas a molecularly diverse and clinically heterogeneous
diseaseamong which TNBC is particularly challengingaancer therapeuticdatients
with TNBC do not benefit from hormonal or trastuzunfetsed theraplgecause this type
of canceroesnot have estrogen or progesterone receptors andiatsmot make too
much of the HER2 proteirsurgery and chemotherapygdividually or in combination,
have beeithe only available modalitieéa most casever the past years, efforts have
been made to develop effective targeted therapies to implioweal outcomes in TNBC.
The first approedimmune checkpoint blockadbkerapy for breast cancerthe PBL1
inhibitor atezolizumab plus napaclitaxel as firstine therapy for unresectable locally
advanced or metastatic TNB@at expres®D-L1 in 1% or greateof tumor cells'®’.
Despite enthusiasm for checkpoint inhibitors in metastatic TNB€Lylts from clinical
trials using various immune checkpoint inhibitors are mi%&¢f° There is an urgent
need to developew targets, combinatiahtherapies, treatment strategiaadprognostic
biomarkersn TNBC therapy.

Breast cancer genomics revealed that heterozygous deletion ofd#fpdsient
genomic evenin TNBC. While p53 aberrandp the deletion regiopromotes
proliferation, metabolisprand metastatic potential of the TNBC cells, we found 1fat
lossis tightly correlated with poor cytotoxicity of tumaenfiltrating lymphocytes (TILS)
and poor clinical outcomes in patients with TNB&elective advantageom 17p lossn
tumor progressn may be attributed tthe combined impact of the reduced dosage of
manydeleted geneis the regionTo accelerate the translational development of

POLR2A inhibitors, we have beattempting to develop ADC witbkamanitinas drug
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payload This approaclsimultaneously overcomes two bottlenecks in developing
POLRZ2A inhibitors as a cancer drug: systematic toxicity and targeting specificity. One of
thekey factors for a successful ADC is to identify a monoclonal antibody with high
specificity and effectivityfor TNBC. Sacituzumab govitecan (IMM132,
Immunomedics), an arfirop2 antibody conjugated to SBIB seems to be promising
treating TNBCG®, In thisstudy,we used trastuzumabo d e vamdnitnpasdd ADC
for treating HER2ow TNBC because 1) a high percentag@4) of TNBCareHER2

1+ or 2+ 2) trastuzumab has been used in the clinic with great safety dmfrst
standard care fdHER2-positivebreast cancéf®; 3) T-DM1, emtansineonjugated
trastuzumab, was also approved for treating HpB&tive metastatic breast cancer with
great toleability and safety®; 4) a-amanitingreatly induces ICD and thus promotes the
efficacy of immune checkpoint blockade therapy. Overa\nia appears to be a drug
candidate with strong clinical potential for HER®v breast cancer with great tolerability
and low toxicity.

As an emerging caec treatment modalityseveralADCs have entered clinical
trials 1921%3 However,a majority ofADCs are based on a few toxic compounds, such as
maytansine¢in T-DM1) and irinotecan (in IDXd), and their mechanisms of action are
often limited to microtubule disruptioor DNA replication The clinical efficacy of these
ADCs could suffer from limited activity in resistant cancer cetlsancer stem cells
Accordingly, the use of new drugs that function via alternative toxicity nmesina will
potentially enhance the therapeutic activity of ADCs. As one afettentlydeveloped
war heads -anmnitih Ba€ adyantafies over other commonly used toxins because

of its unique mode of action and molecular characteriétit4 In particular, as the most
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potent inhibitor -@hanitndgargetauthsaecificiulnesahildyofr i pt i on,
cancer cells conferred by genomic los®&fLR2Aand 17p, whicliemarkablyincreases
therapeutic index by selectively killing cancer cells with this genomic aberrancy, and
accordingly reduces potentialvivot o xi ci t y . I nhi famaniinon of POLF
leads not only to apoptosis of dividiegncercellswith 17p lossut alsato that of
slowly growingor quiescent canceells, as often observed in metastatic breast cancer.
About 15% of breast cancers are HEpUAItive, butas many agd5%of breast cancers
have low levels of HERZ®. Although the latter are not considered candidatethéor
treatment of trastuzumab alortleis studyshowed thaT-Amais effective in killing
HER2-low TNBC cells harboring 17p loskloreover, since 17p logs a common
genomic evenbbservedn most ofcancerttypessuch asvariancancer, terinecancer,
lung cancer, colon cancer, breast cancer, bladder caacergaticcancer and
melanoma, JAma has the potential to be used for mathercancer types with HER2
expression.

Despite its superior artumor activity on HERZow breast cancer wharsed
alone or in combination with PBdased immunotherapy;Amais generally ineffective
in the 17p"tumors, which will limitits clinical utility to the subset of 17°breast
cancerAs an important attribute of ADCshedrugto-antibodyratio OAR) of T-Ama is
~2 at its current version in comparison with ~4 #{DM1 and ~8 in TDXd, suggesting
that the potential effectivity of-Ama could be further improved. Unlike other warheads
such asnaytansineand irinotecan, [parmacologicatharacteristis and toxicity ofa-
amanitin in human body has yet to be studiedirastuzumalaoes not bind to rodent

Erbb2, further drug safety studies and future clinical trials witkmia in humans will
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help address these questions. Nevertheless, the resultssifithisuggest thahe
clinical development o-Ama hasthe potential to becometargeted immunotheraggr

patients withTNBC.
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Chapter4.l nhi biti on of Pl K3C2U potentiates
upregulating tumor antigen presentation
4.1 Summary

Triple-negative breast cancer (TNBC), which accounts fe20% of all breast
cancers, is highly aggressive, metastatic, and with the poorest overall statgg$>?2,
To date, the treatment for TNBCg&ll a major challenge in the clinic duette
systematic toxicity of chemotherapy athe lack of targeted therapiowever, recent
progressn immune checkpoinblockade(ICB) hasled to the dawn of a new er@ancer
immunotherapyDocumentecvidencehas revealed that TNBC has greater mutation
load?® and higher levels of tumenfiltrating lymphocytes (TILS)>*2 than other BRCA
subtypes, indicating a great potential thee development of immunotherapyndeed, the
results of clinical trials with immune checkpoint inhibitors [B®D-1/0PD-L1 have
shown substante benefits in patients with TNBC. However, only a small portion of
patients with PEL 1+ tumors respond to the aiRD1/PDL1 immunotherapig§81971%
The low response rate of TNBC tumors to ICB therapies refldeist that immune
checkpointsignaling is not the only mechanism of immune evasion in TNBC tumors.
Recently more and morevidenceshows that tumor cells can hide from host immunity
by downregulating antigen processing and presentation (APP) pathways, comeart
mutant proteingo tumor antigenand transport tthetumor cell surface in the context of
major histocompatibilitycomplex class (MHC-I) for specific T cell recognitio{®2%
Yet, the mechanisms of how tumor cells suppress APP pathways are still under study

while notherapeutic strategy is availalteenhancantigen presentation on tumor cells.
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To this end, new strategies should be developed to identify potential therapeutic targets in
APP pathways$o revolutionize the current treatment regimens for TNBC patients

Here, we designed a deconvolutialgorithmderived library screening to find
new therapeutic targets and identiflied Pl K3C
turnover and reduces the MH@estricted antigen presentation on tumor cells. In
preclinicalmodel s, inhibition of Pl 8t@hgCD8+ of ound]l
T cells, suppressed breast tumor growth, and showed high potential enhancing the
efficacyof PDlI-based | CB therapy, suggesting that Pl

target for TNBC immunotherapy.

4.2 Background and Rationale

Therole of the immune system in cancer has beelhrecognizedor decades but,
only in the past few years, immunotherapy basome a promising therapeutic approach
for cancers with limitedargeted therapidike TNBC?°12%2 More and more evidence has
shown that the survival rate of TNBC patient is closely related to théuambr immune
activity in tumor microenvironment (TMEMHowever, even though TNBC hashigher
level oftumorinfiltrating lymphocytes (TILsWwhich iswidely accepted azkey
predictor of good prognosigshen compared to the other breast cancer subtypes, TNBC
still has the poorest overall survival rate amondpadhst cancesubtypesindicating that
the TILs especially the CD8+ T cells in the TMET®BC may be not function&32.
Along with thepresence of TILSTNBC also hasigher genomic instability and
mutational burdethan the other breast cancer subtypdsch results ira higher

propensity to generate neoantigens in the context of MA@igensTumorantigen
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loaded MHCI complex can béurtherrecognized by T cells aséan ¢ ® kignéland
then induces T cell mediated atiimor activities®, All these findings that TNBC has
greatimmunogenic potential and abundahfTILs provide a strong rationale for testing
immunotherajes.SinceTNBC also haa higherexpression level dPD-L1 comparedo
theother breast cancer subtypaamune checkpoint blockade (ICB) treatment ugiiy
1/PD-L1 inhibitors on TNBC patientsould be very promisingAnti-PD-1/PD-L1
treatments are set to boost the CD8+ T cell mediated cytotoxicity by blocking the binding
between inhibitory cetimulatory receptor P2 and cestimulatory ligand PEL1 and
obtain sustained clinical responseswever the results o€urrentclinical trials on
PD1/PBL1 are mixedThe results ofwo phase | trialsvith PD-1/PD-L1 inhibitors in
TNBCpatients di dnot sswahresgohsg rateshl8.5% andel9%,ect at i on
respectively®>2%4 Even though more clinical trials like tipdase 11l IMpassion130 trial
highlighted the potential of combined tregent withPD-1/PD-L1 inhibitors, the low
response rates are still the bottleneck of ICB ther&Pi&¥hile tremendougfforts are
made on increasg therapeutic efficacy and finding new checkpsfot ICB therapies,
we overlooked the possibilityat the immune checkpoisignalingmay not be the main
mechanisnof immune evasion in TNBC.

Anti-tumor immune responses require functigmasentation of tumor antigens
T cell activationand atumormicroenvironment that favors immune effectdighile ICB
treatmentaredesigned to stimulate effector T cell response, tuassociated antigens
have to be present@uthe context oMHC-I/II on cancercell surfaceat a sufficient level
for recognition by T cellsOneprimary mechanism by which tumor cells evade immune

surveillance is to downregulate antigen presentatiothe tumor cell surfaceMutant
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proteins expressed inside tumor ceflay not be processed properly and then presented
on cell surface in the context BIHC-I1, leaving tumor cells invisible to CD8+ T cells
Recent studies suggest tisanhcer cells have evolved a multitude of strategiesippress
antigen presentaticio evade detection and hence the immune resp@hssuppress the
expression of MH@ gene&, (2) dovn-regulate antigen processing by inhibiting
immunoproteasome machinetyMP2, LMP7 and LMP1pandendoplasmic reticulum
aminopeptidases (ERAP1$2%¢, (3) restrain peptide transport and loading of MHC
molecules by inhibiting the expression of peptidamsportes (TAP), chaperones
calnexin (CNX), calreticulin (CRT) and ERpS?°, (4) disruptmembrane transportation
by upregulating endocytosis pathways or demegulating exocytosi$ 1 However,
even though more and more studies highlighsigeificance of MHCI-restricted
antigen presentatian tumor evasion, this field is still understudied, leaving very few
targets to develop drugs. With the fact that no therapy targeting-Maitfigen
presentatiopathways is clinically available, deveiog new screening techniques will
help to identify novel targets involved in ApRthwaysn TNBC tumor cells.
Modulating such targets may enhaticeimmunogenicity of cancer cells apdovide
significant therapeutic benefit as it would render tumosaalbre 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 deconvoluadgorithmbased bioinformatic
methods enabled rapid development of immanoology biomarker discowein the
past decadéAlthough 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 modelsed in the experimenéad deconvolutioranalyses
are no more than predictions, combing their advantages will give new iigigkite
next generation of biomarker discovefy fasten the screening process and to have a
much more efficient way to test the functions of eachipted gene with high potential
in regulating antigen presentation and d@mthor cytotoxicity, we developed a
deconvolutioralgorithmbased smalcale library screening tdentify novelcancer
intrinsic targets whosexpressiorare negatively correlateglith antigen presentation
level in TNBC.ICTD, the deconvolutiomlgorithm we developegreviously can
characterize celtell interactions and discover cell type specific markershiglaly
accurate mannefo understanthe correlation between geegpressionand
immunocyte activityespeciallyfCD8+T cell cytotoxicity in tumor microenvironmente
first calculatedhe Pearson correlation score between mRNA expression level of each
proteincoding gene and tHeelative Cytotoxicity (RC)evel of eachcorresponding
TNBC patient sampléor 7 representative datasetT€GA(115 patients), GSE18864(84
patients), GSE32646(115 patientSSES8812(10patients), GSE7612298 patients),

GSE76274(67 patients), and GSE9578D(atients) Thecorrelation scoravil | predict
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the potential impact of each gene on respective immunocyte acliligy, we ranked the
correlation scoref TCGA dataset anfiirtherconfirmedthe consistencin the othersix
datasetsA total of 45 genes with the most negative correlationviRC were selected as
library gene poo(Table4.1). shRNAs targetinghese 45enes in the librarwere
transduced intthe OVA-EO771 cell linewith stableovalbumin(OVA) expressionThe
knockdown efficacyvastestedand aly one shRNA with best knockdown efficacy of
each genavasused for further examination &HC-I-OVApeptide(H2-Kb-SIINFEKL)
presentation levainthe cell surfaceandOT-1 T cell (SIINFEKL-H2-Kb-specific CD8+

T cell) killing efficacy. The results of scening showed thalHC-I-restricted antigen
presentation is positively correlated with antiggecific T cell cytotoxicity in general.
Some gene knockdowns have effects on MHIC-I-restricted antigen presentation and
T cell cytotoxicity, while some onljhave effects ot cell cytotoxicity Multiple
biomarker candidates were identified as interesting targets whose inhibitions lead to
enhanced MH@-restricted antigen presentation agigher level of CD8+ T cell
cytotoxicity. Of note, PIK3C2A knockdown stvedthe mostdramatic effects oMHC-
I-restricted antigen presentation and CD8+ T cell cytotoxicity, indicating that PIK3C2A
might be a key regulatory of antigen presentation in EO771 cellRige4.1A, B) Here,
we also highlighted several genes which had been reported as regulatorguwrhanti
immune activity As expected, shPBRM1, shATG2&nd shGLS in EO771 increased
MHC-I-restricted antigen presentation levahd induced more antigepecific T cell
killings when cecultured with OTF1 T cells, while CD274 (PH.1) knockdown only
showedheeffect on T cell cytotoxicity but not antigen presentation, indicatingaimat

screening results are reliabklurthermore, clinical data analysis revealed FH&K3C2A
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Table. 4.1 Library gene pool with Pearson correlation score

GSE18864 GSE32644 GSE58817 GSE76124 GSE76274 GSE9570( 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
S0OS2 -0.549 -0.391 -0.372 -0.150 -0.001 -0.584 -0.585
SHROOMS3 -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
DYNCI1LI2 -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
RALGAPA] -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
ARHGEF1] -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
EEAl -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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BACE1l -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 diseasree survival (DFS) of patients with TNBC, whiateans

tumor with high expression level BIK3C2Ahasa higher risk of relapséig. 4.1C).

Additionally, PIK3C2Aexpression is alscorrelated witH ow r espo4iPBle r at e of
treatments in different clinical studiasd different cancer typéBig. 4.1D).f n 8 -of 10 U
PD1 clinical studies, tumors witPRIK3C2Ahigh expression showed lower response rates

while no differencen response ratesasobserved in the other 2 studies, indicating that
PIK3C2Umi ght be a new dr-PQlbasediGRedtmentsTo pot enti at e
understand how PIK3@2affects patient survival and the response rate of ICB treatment,

we analyzed the composition of TILs in TMETNBC patientdy usinglICTD and

found thatseveral kinds of TILs especially T cells are enriched in the tumors with low
PIK3C2Aexpression (Fig. 4.2A). Wiurther checked the correlation betw&K3C2A

expression and total cytotoxicity levels of patient tun{brg. 4.2BD). Negative

correlationsvere observed consistently among datagdts.gene set enrichment analysis

(GSEA) demonstrated that-wpgulated genes in the highK3C2Aexpression TNBC

samples are enriched in antigen presentation cell (APC) related pathways (antigen cross
presentatiopathway, phagosome pathway, dendritic cell pathway) and T cell related

pathways (CD8 TCR downstream pathwayPBignaling), showing the significant
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i mpact of PlIK3C2U on TME (Fig. 4.3). These r

is likely involved n immune evasion and suppressed antigen presentation in the tumor.
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Fig. 4.1 PIK3C2A correlates with MHC -1-restricted antigen presentation, T cell
cytotoxicity and poor clinical outcomes (A) Schematic illustration dfbrary screening.
(B) Library screening result§C) KaplanMeier survival curves afiseasdreesurvival
(DFS) for TNBC patient groups wittmigh (45%)or low (45%)PIK3C2Aexpressiorusing
dataselGSE141441p values were determined by loank test(D) Response rate &f
PD1treatments for cancer patient groups with high (3684w (30%)PIK3C2A
expressiorusingavaileble dataset GSE91061  SKCMGSE175699 SKCM
GSE115821 SKCMGSE78220 SKCMGSE126044 LUADGSE162137_CTCL

GSE159067_HNSCGndGSE176307_UC
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Relative proportions of cell types in TME of human TNBC
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Fig. 4.2 PIK3C2A correlates with low T cellinfiltration and cytotoxicity in TNBC . (A)
Relative proportions of immunocytes in human TNBC tumor microenvironment. Bu
RNA-seq data of TNBC samples from TCGA was analyzetCip. (B, C) Box plots
showed the correlation 6fIK3C2Aexpressiomwith total cytotoxicity level (B)and
relative cytotoxicity level (Cdf T cells in TNBC. Data was analyzed with the ICTD
algorithm on TNBC patients fromiCGA cohort.(D) Scatter diagram showed the
correlation ofPIK3C2Aexpression with relative cytotoxicity level 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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4.3.2 Knockdown ofPIK3C2A enhances MHGCI -restricted antigen presentation
in TNBC models and increases CD8 T cell cytotoxicity in vitro

According to our library screening results, PIK3Bgight be a key player in
regulating MHCI-restricted antigen presentation and then imdpanti-tumor activity
by modulating T cell infiltration andytotoxicity in TME. To verify our screening results
on PIK3C2A different shRNAs targeting either humR@HK3C2Aor mousePik3c2awere
transduced into humaand miceTNBC cell lines andMHC-1-OVApeptidepresentation
and overall MHCI level were assessed How cytometry Interestingly, both MH&-
OVApeptidepresentation level amaverall MHC-I presentation level on cell surface were
enhanced dramatically with similar pattern afterPhi€3C2Agene knockdown,
indicating thatPIK3C2Umight affect antigen sentation by regulating MHC
presentation othetumor cell surface (Fig. 4.4AY.0 determine whether thexpression
of genes involved ithe MHC-I complex, antigen processing, and antigen peptide
transport and loading of MHCmolecules araffected byPIK3C2Aknockdown, both
RT-gPCR 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 bimmunoproteasome activity proved that PIKZ@®isa limited impact on
antigen processingathwayg. Since theexpressiorof MHC-I molecules and antigen
peptide producing capability remain the same with or witRekBC2Aknockdown,
MHC-I trafficking and pesentation might be the cauBg. conductingPIK3C2A
knockdown in mouse TNBC cell lines and human TNBC cell lines, we noticed that
higher knockdown efficacy leads to higher MHi@resentation levslin general (Fig.

4.5A-F). However, when the knockdown ieicy was as low as around 40%, minimal
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phenotype was observed, indicating tRE{3C2Acoding protein might be abundant in
cells.Furthermore, we tested whether PIK®Cas effect on MHE& presentationThe
results showed th&lK3C2B-knockdowncould notchangehe MHC-I presentationevel
onthecell surface (Fig. 4.5G, H).

To determine whethd?IK3C2Aexpressionn tumor cellscandirectly affect the
cytotoxicity of CD8+ T cells, weonducted T cell cytotoxicity assay by using OVA
expression mouse TNBC cell line EO7@VA and human cell line HCC1428 with
intrinsic MAGE-A10 expressionEO77X0VA cells were cecultured withactivated
CD8+ T cells isolated from splenocytes of the-Offansgenic mouse that expresses TCR
to recognizelie OVA antigen in the context of-BKb. HCC1428 cells were eaultured
with commercial CD8+ T cells which recognize HiAR-restricted MAGEA10 antigen
peptidesT cell cytotoxicity was measurexhd analyzed by IncuCyt€ompared to the
controlgroup, CD8+T cell cytotoxicitylevelsin thePIK3C2Aknockdown groupsvere
significantlyincreasedFig. 4.6A-D). Along with the cytotoxicity resultdhigher levels of
| F Nvere secreted by MAGEB10-specific T cells irPIK3C2Aknockdown group$Fig.

4.66).
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Fig. 4.4PIK3C2Uregulates antigen presentatiorby decreasing MHGI presentation
level on cell surface but not though antigen processing pathway#) Flow cytometry
results showing the effects BIK3C2Aknockdown on HXKb-SINFEKL presentatiolon
EO77X0OVA cellsand H2Kb presentatiomn EO771wt cells (B) mRNA expression
levels of MHGI antigen processing genasalyzed by gPCRC) Geneexpressiorof
MHC-I antigen pocessinggenes using TNBC patient data from TCGA dataséheway

ANOVA test was used for statistical analysis
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Fig. 4.5 PIK3C2A knockdown enhances MHGI presentation level on cell surface(A)
Pik3c2aknockdownenhances HKb presentation on cell surfaceEO771cells.(B)
Pik3c2aknockdown enhances H&d presentation on 4T1 cellEC) PIK3C2A
knockdown enhances HL-A/B/C presentation on MDAMB-468 cells(D) PIK3C2A
knockdown enhances HL-A/B/C presentation orlCC38 cells(E) Knockdown efficacy
of shPik3c2a in EO771 cell§F) Knockdown efficacies of shPIK3C2A in MDAMB-468
cells.(G) Knockdown efficacies of shPik3c2b in EO771 cli$) Pik3c2 knockdown
has no effect on HRb presentation on EO771 cellthe antigen presentatidevel was
assessed by flow cytometry. MFI scores are presented for 3 independent experime
Oneway ANOVA test was used for statistical analyflata are presented as mean * .

*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 cytotoxicityA) T cell
cytotoxicity of OT-1 T cells cecultured with EO7740VA with or withoutPik3c2a
knockdown.(B) T cell cytotoxicity of MAGEALO specific T cells cacultured with
HCC1428 with or withouPIK3C2Aknockdown.(C) Supernatantsom co-culture wells
of HCC1428 / MAGEAL10 specific T cellsverecollectedtested by ELISA for IFNd
levels.(D) Pik3c2aknockdown enhances H&b presentation on cell surface of EO771
OVA cells.(E) PIK3C2Aknockdown enhances HL-A/B/C presentation on HCC1428
cells.Oneway ANOVA test was used for statistical analyddata are presented as me

+ SD. *P < 0.05; *P < 0.01; ***P < 0.001.
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4.3.3 Knockdown ofPIK3C2A inhibits TNBC tumorigenesis in immunocompetent
mice, but not in immunodeficient mice

Tumor cells with higher antigen presentationlewvel | | di s plsaeyl froor e A n
signals in TMEand attract more TILs especially antiggmecific T cells to the locatioof
tumor cells. Tumor cells with higher antigen presentation level are also easier to be
recognized by antigespecific T cellsSincePIK3C2Aknockdown can enhance antigen
presentatioron thetumor cell surface and induce more effective antiggecific Tcell
killings, PIK3C2Ainhibition mayaffect 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 Pik3c2aknockdown in vitro (Fig. 4.7A, B)The cells inthecontrol group gew
slightly faster than the cells witPik3c2aknockdown in both 4T1 and EO771 models.
Pik3c2aknockdown has bigger effect onhe EO771 cell line, but in 4T1 only
minimal differencen cell proliferation was observed the late stage of tissue cultuf®
determine whethdpik3c2aexpression haanimpact ontumor cell proliferation irvivo,
4T1 and EO771 cells with or withoRik3c2aknockdown were orthotopically injected
into the mammary fat paof Nu/J miceand tumor growth wsmonitored.The tumor
growth curve showethat alteredPik3c2alevels had no or minimal effects on the
proliferation of murine TNBC cells vivo (Fig. 4.7GH). Then, we testeWhether
Pik3c2aexpression hagnimpact on tumor growth ithe immunocompetent muse
models. Bth4T1-derived (in BALB/c mice) an&€O77xderived (in C57BL/6nice)

orthotopic tumors withPik3c2aknockdown weresignificantly smallercompared with the
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Fig. 4.7 Pik3c2ahas minimal effects on the proliferation of murine TNBC cells in
vitro and in vivo. (A, B) Cell proliferation was measured for mouse TNBC lved 4T1
(A) and EO771B) with or withoutPik3c2aknockdown.Data are presented as mean 4
SD. Twoway ANOVA test was used for statistical analy$i3, D) 4T1tumor growth (C
and EQ77xumor growth(D) in immunocompromised mic&.x 10 4T1 cells and 2 x K
EO771 cells were injected in Balb/c and C57BL/6 micgpeetively.Data are presentec
as mean = SD. Onsay and 2way ANOVA tests were used for data analysis in tuma
weight and tumor growth, respectively. *P < 0.05; **P < 0.01; **P < 0.q&1LF)
Tumor images (E) and detailed tumor growth curves (F) oftdifibr from Nu/J mice.
(G, H) Tumor images (E) and detailed tumor growth curves (F) of EO771 tumor fro

Nu/J mice.
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control tumorsindicating thathe tumorsn thecontrol groupgrew much faster than the
ones in th&Pik3c2aknockdowngroups (Fig. 48A-H). The differences in tumor growth
observed here suggest tiRak3c2amay modulatéumorgrowththrough host immunity
or immune cellsn TME. T cells especially CD8+ T cells, astbkffector cells in TME,
may play a vital role in the suppressed tumor growth Riki3c2aknockdown. To
determine the role of T cells in TME, we used another immunodeficient mouse model,
TCRb mut g€A7BL/6backgmund)to check the tumor growth witor without
Pik3c2aknockdown.Interestingy, inT CRbH mu t ahe suppmesseddaumor growth
in Pik3c2aknockdown group was rescued. No significant differandemor growth was
observed between the control group andRik&c2aknockdown group, indicating that T
cellsshould be responsible for the differenaetumor growth observed in
immunocompetent mouse modé#sg. 48l). Furthermoreto examine th@®ik3a
knockdowninduced immunological changes in TME, we harvested THgumorsand
EO771 tumordor multiple-color flow cytometry analysit check the composition of
TME profiling and T cell cytotoxicityln Pik3c2aknockdown groupszD8+ T cells were
significantly enriched in TME compared to the control grq&jm. 49A-C). A slightly
increased B cell population and M1 macrophage population were also observed in
Pik3c2aknockdown groupThe tumor infiltration level of CD8+ T callvas further
verified byIHC staining(Fig. 49D-F). We next performed a functional characterization
of tumorinfiltrating CD8+ T cells inthe control and knockdown group. Pik3c2a
knockdown group, we observed a marked increase in théuambrr activity level

(GZMB and Ki67) as well as signs ofcell exhaustion level (PD1, TIM3, LAG3) of

CD8+ T cells (Fig. 4.0A, B). Of note,more than 80% of CD8+ T celgerepositive on
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Fig. 4.8 Pik3c2aknockdown inhibits TNBC growth in immunocompetent mice, but
not in immunodeficient mice (A, B) 4T1tumor growth in immunocompetent miekx
10* cells were injected orthotopically in each mougemor growth curve§A) andtumor
weights B) are shown(C, D) EO771tumor growth in immunocompetent mieex 10
cells were injected orthotopically in each mouB@mor growth curves®) andtumor
weights D) are shown(E, F) 4T1tumorimages (E) and detailed tumor growth curve
(G, H) EO771tumorimages (G) and detailed tumor growth curve ()EO771ltumor
growth inTCRb mutantmice 3 x 1@ cells were injected orthotopically in each mouse
Data are presented as mean + SD.-@ag and 2way ANOVA tests were used for dat:
analysis in tumor weight and tumor growth, respectively. *P < 0.05; **P < 0.01; ***f

0.001.
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PD1, more than 90%f CD8+ T cellswerepositive onTIM3, and more than 60%f

CD8+ T cellswerepositive s LAG3, indicating that the TME ahe4T1 tumor is highly
suppressiveln Pik3c2aknockdown group, the T cell populations witte expression of
suppressive markers were eaightly higher. Taken together, tumors Rik3c2a
knockdown groughave more CD8+ T cell infiltratiorg higherpopulationof effector

CD8+ T cellsandexhaustedD8+T cells. My explanatiorof the observed phenotyjse

that thePik3c2aknockdownexposures the cancer cellsheimmune systenby

upregulatng MHC-I presentatiomndthenrecruits more CD8+ T celisito the tumor.

While these tumospecific T cellsecognizeéumorspecific 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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