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CHAPTER |

Introduction?
Immunotherapy has emerged as a promising avenue for the treatment of cancer, with recent
advances in immuno-oncology demonstrating the potential of targeting the immune system.
Immune checkpoint inhibitors (ICI) have revolutionized cancer treatment by improving the
prognosis and survival for select patients. However, ICI treatment remains limited due to
intrinsic or acquired resistance to therapy, resulting in only a small percentage of patients
benefiting from treatment. Despite extensive research, there are currently few clinically useful
biomarkers of response, such as Programmed Death-Ligand 1 [PD-L1], tumor mutational
burden, and microsatellite instability, and limited approved therapies to augment response to
ICI. As the use of immunotherapies continues to grow, there is an urgent need to understand
the mechanisms of ICI resistance and develop new therapeutic strategies to induce long-term
responses.
CD8+ T cells are one of the primary effector cell types that mediate response to ICI and are
activated following the recognition of peptide:major histocompatibility complex class | (MHC-I)
complexes (pMHC-I) and co-stimulatory signals. T-cell receptors (TCRs) mediate cytotoxic
CD8+ T cell activation by binding to their target through interactions with cognate pMHC-I which
are ubiquitously expressed by all nucleated cells (1). The efficacy of ICl depends on T cell
recognition of pMHC-1 on the tumor surface. Activated CD8+ T cells can induce tumor cell death
through injecting granzymes and other cytotoxic molecules through perforin-permeabilized

membranes at an immunologic synapse. Thus, one mechanism whereby tumors can avoid T

! Selected from Taylor, B.C., and Balko, J.M. (2022) Mechanisms of MHC-I Downregulation and
Role in Immunotherapy Response. Frontiers in Immunology. (13); DOI:
10.3389/fimmu.2022.844866



cell cytotoxicity is by downregulation of MHC-I. Loss and reduction of MHC-I expression has
been correlated with worse overall prognosis and response to ICI in several cancer patient
cohorts and clinical trials (2—6). Aberrant MHC-I expression may be reversible or irreversible
because of genetic, epigenetic, transcriptional, or post-transcriptional alterations. The
reversibility of some mechanisms of MHC-I downregulation creates a potential avenue for
therapeutic strategies to restore MHC-| antigen presentation as a possible combinatorial
approach with ICI in cancer. This chapter will address the current known mechanisms of MHC-I
downregulation in cancer, implications in patient immunotherapy efficacy, and potential

therapeutic MHC-1 upregulation strategies to overcome ICI resistance in patients.

MHC-I pathway and regulation

MHC-1 is a heterodimer consisting of two domains, a polymorphic human leukocyte antigen
(HLA)-encoded heavy a-chain and an invariant light chain termed B2-microglobulin (32M) (1).
There are three classical HLA class | heavy chains, HLA-A, -B, and -C, which are encoded by
three separate genes. MHC-I has a high degree of polymorphism derived from each heavy
chain’s peptide binding domain. The various HLA alleles have diverse peptide-binding
specificities due to the sequence divergence between alleles (7). This diversity of MHC-I allows
for a large repertoire of peptides, also known as the immunopeptidome, that can be recognized

by CD8+ T cells.

Antigen presentation by MHC-| begins when endogenous proteins are ubiquitinated for
proteasomal fragmentation into peptides (8). The peptides are then translocated from the
cytosol into the endoplasmic reticulum (ER) through the transporters associated with antigen
processing (TAP1/ TAP2) and undergo further processing by ER aminopeptidases (ERAP)
(9,10). Processed peptides of 8 to 10 amino acids in length are required for stabilization of the
MHC-1 complex and are bound by their side chains through molecular interactions (6). The

folding and assembly of the a-heavy chain and 32M is promoted by calnexin and this initial



complex is stabilized by the chaperone protein tapasin in complex with ERp57 via calreticulin
(11). Interaction between TAP1/2 and tapasin permits exchange of peptides into the MHC-I
binding groove, release of chaperone proteins, and stabilization of the MHC-I complex. Finally,
the peptide:MHC-I complex travels via the Golgi apparatus to the cell surface and antigens are
presented to CD8+ T cells (Figure 1.1). Cross presentation of exogenous antigens, normally
presented by MHC-II on the surface of professional antigen presenting cells, can also be
presented through the MHC-I pathway through endocytic mechanisms in which antigens are
transported from the endosomal compartment into the cytosol and then degraded by the
proteasome and transported into the ER (12). MHC-I expression is induced by both type | and
type Il interferons and this transcriptional activation is regulated by various conserved cis-

regulatory elements at their promoters.

Transcriptional regulation of MHC-I is mediated by three major promoter elements; enhancer A
bound by nuclear factor (NF)-kB, interferon-stimulated response element (ISRE) bound by
multiple interferon regulatory factor (IRF) family members, and the SYX-module bound by NOD-
like receptor CARD domain containing 5 (NLRC5) (13-15). NF-kB induced class-I expression is
functional at the HLA-A and HLA-B loci, containing NF-kB binding sites at their Enhancer A
regions. In contrast, HLA-C and the non-classical alleles are not transactivated by NF-kB

(14,16).

The IRFs are upregulated in response to both type | interferons (IFNs) (e.g., IFNa and IFNB)
and type Il IFNs (e.g., IFNy) and signal through the JAK/STAT pathway (17). Following
phosphorylation by JAK, STAT1/STAT2 dimerizes and translocate to the nucleus, where it binds
to Gamma-activated sequence (GAS) elements of IFN-stimulated genes, including IRFs, which
can subsequently activate the ISRE in the MHC-I promoter (13). It is important to note that
studies show that IRF2 can be constitutively expressed and stable in the absence of IFN

stimulation (18,19). Therefore, not only is the IRSE promoter region implicated under



inflammatory conditions, but it can also regulate basal MHC-I expression under non-
inflammatory conditions. NLRCS5 is a critical transcriptional regulator of MHC-1 and its
associated genes (e.g., 2M, TAP1/TAP2, and LMP2) (20). NLRC5 lacks a DNA-binding

domain and is therefore dependent on the enhanceosome to connect to the promoter region of

the SYX-module (21,22). Activation of each of these three promoter regions facilitates antigen

presentation by MHC-I on the tumor cell surface and its accessory molecules p2M, TAP, and
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antigen processing and presentation pathway. MHC-|
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Acquired mutations in the antigen presentation pathway drive loss of MHC-I.



Mechanisms of MHC-I downregulation in cancer

Tumor progression is shaped by immunoediting eventually leading to escape from anti-
tumor immune responses. Tumor specific MHC-I (tsMHC-I) downregulation has been described
in numerous tumor types such as melanoma, breast, colorectal, and cervical cancers (23-26).
Loss of tsMHC-I expression is often correlated with shorter overall and progression free
survival, and higher instances of metastasis (27—30). The clinical significance of MHC-I is due to
the role of antigen presentation and immune control of cancers. Tumors can reduce antigen
presentation through several mechanisms including reduced surface expression of tsMHC-I
through genetic alterations, antigen depletion, and modulation of transcription. The types of
defects that lead to MHC-I disfunction can be divided into two groups: hard lesions (i.e.,

therapeutically intractable) and soft lesions (i.e., therapeutically tractable) (Figure 1.2).
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approaches depending on the type of mutation. Hard lesions, such as B2m loss, cannot be
therapeutically recovered, however, soft lesions, like epigenetic silencing, can be therapeutically
reversed.

Antigen presentation pathway gene mutations

Defects in the MHC-1 antigen presentation pathway are a common mechanism by which tumors
can evade the immune response. Reduced levels and complete loss of TAP1/TAP2 expression
have been documented in colorectal cancer, renal cell carcinoma, and melanoma resulting in
reduced tsMHC-I stability and expression on the tumor surface (31-35). TAP loss has been
attributed to a functionally defective allele of Tapl in numerous solid tumors and cell lines
resulting in defective peptide presentation (54). Similarly, studies have shown reduction of
tapasin and ERAP have resulted in loss of antigen presentation on the tumor surface
(24,36,37). Genetic structural alterations of the MHC-I complex are another common finding in
tumors that exhibit reduced antigen presentation. Numerous studies document loss of
heterozygosity (LOH) associated with chromosome 6p21 resulting in HLA haplotype loss in
tumors (38—42). One clinical study designed to test adoptive transfer of T-cells revealed that
downregulation of HLA-C was linked with immune evasion and lack of response to treatment
(43). Further, a heterozygous deleterious mutation or complete loss of 32M can lead to reduced
or absent surface levels of tsSMHC-I. Some cancers, such as lymphomas, have high 32M
mutation rates in more than 25% of patients (44,45). Additionally, truncating mutations of B2M
were found in metastatic colon and melanoma cancers found to be resistant to the anti-PD1
therapy, pembrolizumab (23,46,47). These observations show that somatic mutations in MHC-I
genes are a common mechanism of tumor immune evasion.

Transcriptional silencing
The MHC-I pathway can also be dysregulated through the modulation of various transcription
factors. NF-kB, bound to the enhancer A region in the MHC-I promoter, is found to be
constitutively active in most cancers (26). However, in some cancer types the loss of NF-kB

expression results in MHC-I downregulation (19). This suppression of tsSsMHC-I expression via



NF-kB can be attributed to multiple proteins, specifically Nedd4 Binding Protein 1 (N4BP1) and
tumor necrosis factor (TNF)a-induced protein 3 interacting protein 1 (TNIP1) (48). In addition to
NF-kB, IFNs dimerize STAT1 resulting in IRF binding to ISRE therefore playing a key role in
MHC-1 upregulation during inflammation. Downregulation of both type | and Il IFN pathways
have been identified as mechanisms leading to resistance to ICl and adoptive T-cell therapies
(38,49,50). Lastly, the expression of NLRC5, a key regulator of MHC-I transcription, has been
found to be correlated with MHC-I expression and patient survival in several cancer types
including ovarian, breast, and colorectal cancers as a mechanism of immune evasion (22).
The expression of antigen presentation pathway genes can also be downregulated through
epigenetic silencing. This can occur from hypermethylation of the NLRC5 and MHC—I promoter
regions (22,51-55). DNA hypermethylation has been shown to be reversible with the treatment
of DNA methyltransferase inhibitors (DNMTi) leading to MHC-I upregulation in numerous cancer
types (56—-61). Another common defect resulting in reduced tsMHC-I antigen presentation is
deregulation of histone deacetylases (HDACSs), which removes acetyl groups from histones
resulting in a more closed chromatin structure preventing the transcription of MHC-1 (57,62,63).
HDAC inhibitors increase the expression of MHC-I both in vitro and in vivo. Many of these drugs
are already FDA approved (e.g., panobinostat and vorinostat) while others are in clinical trials to
determine their efficacy in several types of cancer (60,62,64,65). Overall, these studies reveal
the tumor-intrinsic role of epigenetic silencing to evade immune surveillance and the need for
further study to understand the functional effect of these mechanisms in cancer.
Post-transcriptional silencing
In addition, loss of MHC-I in cancer can be due to post-transcriptional regulation mediated by
non-coding RNAs. MicroRNAs (miRNA), a class of non-coding RNAs, can bind to the 3’
untranslated region (UTR) of mMRNAs. Upregulation of some miRNAs have been reported to
repress expression of MHC-I in multiple cancers, including melanoma, esophageal carcinoma,

and colorectal cancer (66—68). MiRNAs can affect various parts of the antigen presentation

7



pathway, including TAP1/TAP2 and calreticulin (66,68,69). For example, TAP2 expression has
been shown to be inhibited in esophageal adenocarcinoma through miRNA 125a-5p and 148-3p
which resulted in downregulation of HLA-A, -B, and -C (147). Furthermore, suppression of
chaperone proteins by miRNAs (e.g., calnexin, tapasin, and calreticulin) involved in antigen
presentation can downregulate MHC-I expression and CD8+ T cell infiltration (148-150). Taken
together, miRNAs can negatively regulate MHC-I through post-transcriptional modification and

further study may potentially lead to new therapeutic targets.

Implications of MHC-I downregulation in immunotherapy response
Recent developments in cancer therapy have shown clear advantages in targeting the immune
system. Immunotherapies, such as ICI, have revolutionized the treatment for a range of cancer
types, such as melanoma and non-small cell lung cancer (70,71). ICI increases anti-tumor
immunity by blocking intrinsic checkpoints that have an inhibitory role in regulating T cell
responses, such as cytotoxic T-lymphocyte antigen 4 (CTLA-4) and programmed cell death 1
(PD-1). Compared to previous standards of care (e.g., chemotherapy and surgery), ICI therapy
has significantly improved overall and progression free survival in patients (72).
Despite these successes, ICI treatments still have many limitations and challenges. The
benefits of ICI are still very low in some common tumor types, including breast and prostate
cancer. ICl therapy is further complicated by observations of intertumoral heterogeneity in the
degree of response to therapy. Additionally, a substantial percentage of cancer patients treated
with immunotherapy experience intrinsic or acquired resistance, and many experience immune-
related adverse events (73). There is currently a limited number of clinically approved
multimodal treatments strategies to improve responsiveness to ICI. Furthermore, there are very
few biomarkers that can predict immunotherapy benefit.
Acquired resistance to immunotherapy in several forms of cancer is associated with alterations
in the MHC-I antigen presentation pathway. In several studies, downregulation of MHC-I is

correlated with resistance to ICls and adoptive T cell therapy (55,74,75). This is presumably
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mediated by defects in the expression of tsMHC-I for tumor antigen presentation to CD8+ T
cells. Analysis of somatic genetic alterations through transcriptomic sequencing and IHC in
longitudinal samples of melanoma patients revealed LOH of f2M was found to be a common
mechanism of acquired resistance to anti-CTLA and anti-PD-1 therapies (23,47,76).
Mechanisms of transcriptional loss and evolutionary divergence of the class | heavy chain of
specific alleles have been reported in patients which results in the loss of MHC-I polymorphism
leading to ICI resistance (41,77,78). Whole exome sequencing and single-cell transcriptome
analysis of colorectal patients resistant to ICI therapy have identified $2M biallelic deletions and
truncating mutations in both primary and metastatic tumor lesions (46,79,80). Furthermore, a
recent study in vitro found that B2M suppression in non-small cell lung cancer may be caused
by KRAS mutations and STATS inhibition (112). Transcriptome and flow cytometric analysis of
longitudinal melanoma biopsies collected from patients receiving PD-1 inhibitors identified
downregulation of MHC-I to also be associated with TGF activity, SNAI1 upregulation, and
cancer associated fibroblasts (74). Uncovering additional mechanisms of tsMHC-| and 2M
downregulation as potential biomarkers for ICI response and strategies for restoring their
expression are areas that merit further study.

Recent studies have demonstrated that in response to anti-PD-1/PD-L1 agents, non-responders
have a much higher rate of genomic alterations in the IFNy pathway as compared to patients
that exhibit a clinical benefit. JAK1 or JAK2 were elucidated through whole exome sequencing
of PD-1 resistant melanoma tumors (23,81). More specifically, one study determined that JAK1,
not JAK2, is the primary mediator of IFNy induced MHC-I expression and response to anti-PD-
L1 therapy (82). Additionally, the transcription factor double homeobox 4 (DUX4) has been
shown to block the IFNy mediated upregulation of tsMHC-I in numerous cancer types in vitro
resulting in failure to respond to anti-CTLA-4 and anti-PD-1 therapy and decreased overall
survival (83). In addition, Ptpn2, was identified through an in vivo CRISPR screen to negatively
regulate the JAK/STAT and antigen presentation pathways leading to ICI resistance (84). Taken

9



together, these studies suggest that negative regulation of the IFNy pathway is a mechanism of
primary resistance to ICI therapy and supports the design of therapeutic strategies to overcome

IFNy downregulation.

Therapeutic strategies to enhance MHC-I expression
TsMHC-I is associated with improved response to ICI and increased amounts of tumor
infiltrating lymphocytes (41,77,79,82,85). Loss of MHC-I antigen presentation is common in
cancers and allows tumors to evade immune surveillance. Although MHC-I loss due to structural
genetic alterations such as B2M loss are irreversible, post-transcriptional downregulation of
MHC-I can be reversed (Figure 2). Therefore, novel strategies to upregulate tsMHC-| are
anticipated to improve responses to immunotherapies.

One potential target of upregulating tsMHC-I is through the IFN signaling pathway. IFNy
has been shown to increase expression levels of various antigen presentation genes such as
MHC-1 and TAP (19,86). Additionally, NLRC5 has been identified as a key transcriptional
coactivator of MHC-I and antigen presentation pathway gene expression (21). Genetic
alterations, copy number loss, and somatic mutations of NLRC5 results in reduced MHC-|
expression in various cancer types (87). In melanomas derived from patients responding to anti-
CTLA-4 and anti-PD-1, there was a significantly higher expression of NLRC5 compared to non-
responding patients (55). It has been demonstrated in breast cancer in vitro models that NLRC5
was promoted by IFNy with upregulation of MHC-I suggesting a potential benefit to ICI
treatment (88). Although IFN may have a beneficial effect on immunotherapy response, there
are limitations to using them in cancer therapy due to potentially life-threatening toxicities seen
in patients (89). One possibility of using IFNs for therapeutic upregulation of tsMHC-I without the
associated toxicity is through antibody directed, dose-dependent cytokine release at the tumor
specific site (90). However, this approach is yet to be tested in large clinical trials.

Additionally, NF-kB pathway activation via immune receptors, such as the TNFa receptor, leads

to downstream transcription of MHC-I by binding to the enhancer A regulatory element.
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Stimulation of NF-kB signaling to induce MHC-I upregulation in cancer is a potential therapeutic
target. Retinoids, which are clinically used in neuroblastoma through the induction of apoptosis,
have been described to induce MHC-I expression through NF-kB signaling (91,92).
Furthermore, in murine models of melanoma, in tumors with deficient IFN signaling MHC-
expression was restored by intratumoral injection of polyinosinic:polycytidylic acid, BO-112(93).
BO-112 restored MHC-I expression through an NF-kB mediated mechanism and independent of
NLRC5. A recent study used a CRISPR screening approach to identify factors that decouple the
regulation of MHC-I and PD-L1(94). It was found that depletion of TRAF3 upregulated MHC-|
through the NF-kB pathway and TRAF3 small molecule inhibitors increased immuno-sensitivity
of cancer cells specifically through MHC-I expression. Stimulation of the NF-kB and IFN-
pathways to induce MHC-I expression is further substantiated by studies of Stimulator of
Interferon Genes (STING). STING stimulates both NF-kB and IFN-pathways and several STING
agonists are being examined in clinical trials in several solid tumors in combination with anti-PD-
1 (ClinicalTrials.gov Identifier: NCT04096638, NCT04144140). These studies demonstrate the
potential for increasing tsMHC-I expression through transcriptional regulation and cytotoxic
CD8+ T cell infiltration to improve patient responses to immunotherapy.

Numerous oncogenic pathways have been reported to affect the expression of MHC-I and
related antigen presentation components, including the MAPK and EGFR (Epidermal Growth
Factor Receptor) pathways (95,96). The MAPK pathway is thought to negatively influence MHC-
| expression through decreased IRF and STAT1 expression resulting in reduced levels of tumor
infiltrating lymphocytes (95,97,98). MEK inhibitors (MEKI), cobimetinib and trametinib, have
been shown to enhance IRF1 expression and increased phosphorylation of STAT1 in human
epidermal models (99). MEKIi in breast cancer and non-small cell lung cancer models in vivo
and in vitro have demonstrated an increase in MHC-I expression and combination of MEKi and
ICIs may be a clinically relevant treatment option (75,98). Overexpression of EGFR has been
associated with poor response outcomes to IClI in various cancer models, including non-small
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cell lung cancer and neuroblastoma (100,101). Also, the EGFR family member, HER2, was
shown to be inversely correlated with MHC-| expression in breast cancer and impairs T cell
recognition of peptide: MHC-I complexes (102,103). Targeting EGFR receptors with antibodies
and inhibitors has resulted in increased expression of MHC-I and antigen presentation
components in several cancer cell lines, thus increasing their susceptibility to CD8+ T cell
cytotoxicity (104—106). Together, these studies show the importance of targeting oncogenic
pathways regulating MHC-I in cancer and the potential for therapeutically restoring anti-tumor
immunity and improving immunotherapy response.

A recent study showed that in pancreatic ductal adenocarcinoma (PDAC) MHC-I molecules are
selectively targeted for lysosomal degradation through an autophagy-dependent mechanism
(107). This study demonstrated that MHC-I is decreased in PDAC through a NBR1-mediated
autophagy-lysosomal pathway. It was found that autophagy inhibition using a clinically available
antimalarial agent, chloroquine, increased surface levels of MHC-I and anti-tumor T cell
responses when combined with ICI therapy (anti-PD-1 and anti-CTLAA4). In breast cancer the
gene MALZ2, which encodes a transmembrane protein associated with protein endocytosis,
promotes the turnover of pMHC-I complexes by modulating the interaction between RAB7 and
MHC-I (108). MALZ2 plays a critical role in the endocytosis-mediated protein degradation of the
MHC-1 complex and downregulates CD8+ T cell cytotoxicity. Depletion of MAL2 enhanced
antigen presentation on tumor cells and activation of CD8+ cytotoxic T cells. Therefore,
inhibition of MALZ2 is a potentially effective strategy for increasing the efficacy of
immunotherapy. Studies have also revealed that high calnexin expression can promote tumor
proliferation and growth in lung cancer (109,110). In both in vitro and an in vivo melanoma
model, Scaffold/ Matrix- Associated Region-1 (SMARZ1) is directly involved in immune evasion
mechanisms by positively regulating MHC-I expression through the downregulation of calnexin
(111). Calnexin gene expression was found to be suppressed by the formation of a repression
complex that binds to the matrix attachment region (MAR) site on the calnexin promoter. This
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supports a therapeutic need for small molecule compounds for stabilizing SMAR1 expression,
increasing CD8+ cytotoxic T cell infiltration to aid ICI treatment.

Other strategies to upregulate tsMHC-I expression are actively being investigated to ameliorate
immunotherapy resistance. Current standards of care in oncology like chemotherapy and
radiation are known to induce anti-tumor immune responses without stimulating immunogenic
cell death. Studies on various tumor cells in vitro have shown that some chemotherapeutic
agents augment tsMHC-I expression and in vivo further induce tumor CD8+ T cell infiltration.
Docetaxel, a common chemotherapeutic agent, can increase expression of components of the
antigen presentation pathway, such as TAP and tapasin, without inducing immunogenic cell
death in vitro (112). Topoisomerase inhibitors (e.g., etoposide) and microtubule stabilizers (e.g.,
paclitaxel) have also been shown to stimulate MHC-I expression and Treg depletion in murine
models (6,113,114). These pre-clinical studies indicate a therapeutic advantage to increasing

tsMHC-I antigen presentation through combination of ICI and chemotherapeutic agents.

MHC-I loss and tumor infiltrating NK cells
Natural Killer (NK) cells play a crucial role in the innate immune response and are essential in
the initial stages of host defense against infections and malignancies. These cells contribute to
host defense by directly killing stressed cells, including tumor and virally infected cells, and
releasing cytokines to coordinate the function and recruitment of other immune subsets.
NK cell activation is regulated by a repertoire of activating and inhibitory receptors that
recognize germline-encoded ligands expressed by target cells (Table 1.1). The interplay
between inhibition and activation are balanced against each other, such that inhibition can be

overcome by strong activation signals.
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Table 1.1. List of NK cell activation and inhibitory ligands and their receptors

Receptors | Ligands
Activating
NKG2D MHC-I chains related protein A and B, UL16-binding proteins
NKp44 CD155, CD113
NKp46 B7-H6, BAGS, viral hemagglutinin, heparan sulfate
CD16 Fc region of 19G
Inhibitory
NKG2A HLA-E
KIR2DL1/2/3/4 HLA-A/B/C
LAIR1 Collagen

Several studies have highlighted the crucial role of NK cells in tumor immunosuppression. NK
cell infiltration has been linked to better overall survival outcomes in various cancers, such as
breast cancer and melanoma (115-117). Moreover, in mice, NK cells can eliminate various
tumor types when injected at low doses into syngeneic mice and long-term depletion of NK cells
resulted in significant increases in cancer severity (118-120). However, tumors often adapt a
variety of escape mechanisms that prevent killing by NK cells. Suppressive cytokines, such as
TGFB, can downregulate the expression of activating receptors NKG2D and NKp30 (121).
Another mechanism of escape is NK cell desensitization, where persistent stimulation by MHC-I
deficient cells results in NK cells becoming desensitized after subsequent rounds of stimulation
(122). A fundamental feature of NK cell recognition is their inhibition by receptors that bind
MHC-1 molecules. The function of these receptors is critical in preventing NK cell-mediated
attacks against healthy cells. However, stressed cells such as virally infected or tumor cells with
dysregulated MHC-I expression can become more susceptible to NK cell-mediated cytotoxicity,
a process referred to as "missing-self recognition” (123). As a result, MHC-I deficient tumors,
which are typically resistant to recognition by CD8+ T cells, may be promising targets for NK

cell-mediated therapy.
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Two Types of Tumor Cell Killing
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Figure 1.3: Immune cell mediated tumor destruction. CD8+ T cells and NK cells recognize
target cells through distinct receptors. While both cytotoxic cells induce apoptosis in target cells,
the mechanism of recognition by lymphocytes differs. NK cells kill target cells in an antigen-
nonspecific manner regulated by a variety of inhibitory and activating surface receptors. In
contrast, CD8+ T cells destroy target cells by recognizing MHC =class | restricted peptide
antigens.

Inhibitory receptors specific for MHC-I signal through immunoreceptor tyrosine-based inhibitory
motifs (ITIMs) in their cytoplasmic domains. In humans, killer cell immunoglobulin-like receptors
(KIRs) and HLA molecules function as ligands to these receptors (124,125). Mice lack KIR
genes, but instead, express the family of lectin-like 49 receptors that recognize different H-2
class | molecules (126). Moreover, the non-classical HLA-E molecule (known as Qa-1 in mice)
can recognize the CD94-NKG2A heterodimer receptor, leading to the inhibition of NK cells. It is
essential to note that these inhibitory receptors can distinguish between MHC-I allelic products,

which may result in NK cells being unimpeded if they engage with a tumor cell that selectively

downregulates certain MHC-I alleles (127,128). Tumors that express MHC-I can presumably be
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sensitive to NK-mediated cytotoxicity if there are elevated levels of activating ligands that
overcome this inhibitory signaling. This provides an avenue to explore the potential of NK cells
in cancer therapy in both MHC-I deficient and MHC-I competent tumors.

There is a growing interest in using endogenous NK cells for cancer immunotherapies due to
their potential to complement T cell therapy. Preclinical studies have shown that therapeutic
intervention can lead to NK cell-mediated rejection of established solid tumors. However, further
research is necessary to gain a better understanding of how the tumor microenvironment affects
NK cell activation. These findings provide strong motivation to continue exploring the potential of

NK cells in cancer therapy.

Immunotherapy in breast cancer
Breast cancer is the most prevalent malignancy among women worldwide and is associated
with the highest mortality rates. Triple-negative breast cancer (TNBC), which lacks the
expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (Her-2), is characterized by low differentiation, high invasiveness, a
propensity for local and distant metastases, poor prognosis, and high recurrence rates (Figure
1.4) (129). The tumor microenvironment in TNBC is composed of various immune cells,
including tumor-infiltrating lymphocytes (TILs), antigen-presenting cells, and fibroblasts, which
contribute to disease progression and metastasis. Immunotherapy has emerged as a promising
treatment option for many refractory solid tumors, including breast cancer. Historically, breast
cancer has been considered a "cold" tumor due to low T-cell infiltration and a low tumor
mutation burden. However, TNBC is characterized by a higher presence of infiltrating
lymphocytes, providing a favorable immune microenvironment for immune checkpoint inhibitors
(ICls). Additionally, TNBC has a relatively high tumor mutation load, providing an antigenic
foundation for immune cell recognition. PD-L1 expression is notably elevated in TNBC, making

it a promising target for ICIs (130). The combination of ICIs with chemotherapy has yielded
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promising therapeutic outcomes in TNBC patients, highlighting the clinical relevance of

immunotherapy for this aggressive subtype of breast cancer.
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Figure 1.4: Breast cancer treatment and prognosis is informed by hormone receptor
status. Breast cancer treatment and prognosis are influenced by the hormone receptor status,
which is determined based on histological and molecular characteristics. Various classifications
have been developed to aid in therapy decisions, with intrinsic subtypes being the most used in
clinical settings. These subtypes rely on the expression of key proteins, including estrogen
receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2),
and the proliferation marker Ki67. Tumors expressing ER and/or PR are categorized as
hormone receptor-positive, while tumors lacking expression of ER, PR, and HER2 are referred
to as triple-negative.
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In the phase Ill trial KEYNOTE-355, pembrolizumab plus chemotherapy improved PFS and OS
in patients with advanced TNBC (131). The single-arm trial KEYNOTE-150 showed significant
survival benefits in PD-L1-positive patients who had not received prior systemic therapy, using
pembrolizumab in combination with chemotherapy in patients with metastatic TNBC (mTNBC)
(132).

The safety and efficacy of atezolizumab plus nab-paclitaxel for TNBC patients who did not
receive systemic therapy in the metastatic setting was validated by IMpassion130 (133).
Atezolizumab significantly improved OS in the PD-L1-positive population by almost 2 years,
leading to FDA approval in March 2019. However, in the phase Il study IMpassion131,
atezolizumab combined with paclitaxel showed no significant differences in PFS and may have
even worsened OS in PD-L1-positive patients (134). Roche withdrew the indication for
atezolizumab for the treatment of PD-L1 positive advanced TNBC due to the discrepancy
between the two studies.

Multiple trials have demonstrated that administering pembrolizumab in conjunction with
chemotherapy can enhance the rate of pathological complete response (pCR) in patients with
early-stage triple-negative breast cancer (TNBC). In the I-SPY?2 trial, a cohort assessed the
effectiveness of pembrolizumab with paclitaxel- and anthracycline-based chemotherapy
regimens in women with high-risk, early-stage HER-2-negative breast cancer, resulting in an
increased pCR rate for TNBC patients (135). Furthermore, the KEYNOTE-522 phase Il trial
randomized previously untreated patients with early-stage TNBC to either the pembrolizumab—
chemotherapy arm or the placebo—chemotherapy arm, with preliminary findings demonstrating a
higher pCR rate in the pembrolizumab group (136). As of July 2021, the FDA has approved
pembrolizumab in combination with chemotherapy as a neoadjuvant treatment for high-risk,

early-stage TNBC and for continued use as a standalone agent in the adjuvant phase.
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Despite some progress in the use of immune checkpoint inhibitors (ICIs) for TNBC, significant
challenges still exist. Clinical outcomes demonstrate that only a small subset of TNBC patients
benefit from immunotherapy, highlighting the need to identify the target population and expand
the treatment's efficacy. Combination therapy is the most promising way forward, but the optimal
combination regimen, sequence, dosage, and duration require further exploration. With an
increasing number of preclinical and clinical studies in this area, we hope to achieve the ultimate
goal of selecting the most suitable patients for immunotherapy, administering the most
appropriate immunotherapy or immune-combination therapy, accurately evaluating treatment

efficacy, and achieving optimal therapeutic outcomes with minimal toxicity.

Overview and significance of research
The studies in this dissertation aims to use a combination of murine and human correlative
studies to gain a better understanding of how heterogeneity in antigen presentation affects the
immune microenvironment in breast cancer and impacts the efficacy of immunotherapy
combinations. Additionally, these studies explore innovative approaches to modify MHC-I
expression levels and diversity, with the ultimate goal of developing combinatorial therapeutic
strategies that leverage the immune microenvironment's adaptation to antigen presentation
heterogeneity. Specifically, we will target inhibitory receptors on NK cells, which are already in
clinical trials for other indications. The results of these studies will challenge past assumptions

and offer new therapeutic strategies for molecular and immune cancer therapeutics.
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CHAPTER II

Materials and Methods
Patient samples. The 314 tissue microarrays used to study tsMHC-I expression heterogeneity
were from breast cancer patients enrolled in the BRE03103 repository trial: NCT00899301,
IRB030747 and at the Instituto Nacional de Enfermedades Neoplésicas (Lima, Pert): INEN 10-
018. The 84 mTNBC patients that were used to study the correlation between tsMHC-I
expression and immunotherapy benefit were enrolled in NCT03206203.
Cell lines. Murine mammary cancer cell lines EMT6 and E0771 were obtained from ATCC. Cell
lines were tested at least once quarterly for Mycoplasma contamination. All media components
were purchased from commercial vendors and prepared/stored under sterile conditions. Cell
lines are utilized within early passage (<30 passages from acquisition from ATCC) and are DNA
fingerprinted through commercial services for validation. EMT6 cells were grown in DMEM
(Gibco) supplemented with 10% fetal bovine serum (FBS) (Life Technologies). E0771 cells were
grown in RPMI (Gibco) and supplemented with 10% FBS. B2m-KO-IFNy EMTG6 cells were
maintained in DMEM-F12 (GIBCO) supplementers with 10% TET-System approved FBS
(GIBCO). B2m and Qal knockout cell lines were generated using CRISPR plasmids (Santa
Cruz) and flow sorted on GFP positive cells. Cell lines were verified to be complete knockout
populations by flow cytometry.
Viral transduction. The pSHUTTLE-IFNy (GeneCopoeia) was recombined into the
pPINDUCER-20 plasmid (62) using LR Clonase (Invitrogen), resulting in DOX-inducible IFNy
transgene expression. Lentiviral particles were produced by co-transfecting pINDUCER-IFNy
plasmid with pMD2G and psPAX helper plasmids into 293FT cells. Target cells were transduced
in the presence of polybrene and selected by neomycin resistance. ELISA
Levels of IFNy secreted from B2m-KO-IFNy EMT®6 cells were evaluated using an ELISA kit

according to the manufacturer’s instructions (Invitrogen).
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Mice. All mice were housed at the Vanderbilt University Medical Center vivarium, which is
accredited by the Association for Assessment and Accreditation of Laboratory Animal Care
International (AAALAC). The Vanderbilt Division of Animal Care and Institutional Animal Care
and Use Committee (IACUC) approved mouse procedures and studies. C57BL/6J and BALB/c
mice were purchased from Envigo (Indianapolis, IN) and allowed to acclimatize for at least one
week before tumor implantation and experimentation. IFNy-/- mice were purchased from The
Jackson Laboratory (002287) and genotyping was performed according to distributer protocol.
For all experiments, 6- to 8-week-old female mice with 2100 mm3 tumors were stratified into
specific treatment groups.

Tumor implantation and treatment strategy. For mammary tumor models, 5x104 EMT6 or
1x105 E0771 cells were orthotopically injected into the fourth right mammary fat pad of female
BALB/c (EMT6) or C57BL/6J (E0771) mice. Following the establishment of tumors (~100-
200mm3) mice were stratified prior to therapy administration. The mice were treated via
intraperitoneal (IP) injection with isotype IgG2a control (BioXcell, clone BE0089), anti-NKG2A
(BioXcell, clone 20D5), or anti-PD-L1 (Genentech, clone 6E11) dosing at 200ug on day seven
and 100ug on days 14, 21, 28, and 35. Mice used for each treatment arm are defined in
respective figure legends. For tumor growth analysis, tumors were measured 3 times weekly
with calipers, and volume was calculated in mm3 using the formula (length x width x width x
width/2). Mice were humanely euthanized at defined end points or when the tumor volume
reached 2 cm3 or tumor ulceration.

Fine-Needle Aspiration. Following previously published techniques 57, fine-needle aspiration
(FNA) on mouse tumors using a sterile beveled needle attached to a 10ml syringe with a
syringe holder. The needle was then agitated within the tumor and one to three needle passes
were collected from each tumor. The FNA-acquired cells were then processed for flow

cytometry analysis.
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Depletion of CD8+ T cells and NK cells. For NK cell depletion, 100uL of polyclonal anti-asialo-
GM1 (BioLegend, clone Poly21460) or 100ug of anti-NK1.1 (BioXcell, clone PK136) was
injected IP into mice once weekly prior to tumor implantation. For the depletion of CD8+ T cells,
200ug of depleting anti-CD8a (BioXcell, clone 2.43) was administered via IP injection for the
initial treatment and then 100pg once weekly. A rat IgG2b for anti-CD8a, k (BioXcell, clone
BE0090) and rabbit polyclonal IgG (BioLegend, clone Poly29108) was used as an isotype
control.

Flow cytometry. Samples were run on an Attune NxT Acoustic Focusing Cytometer (Life
Technologies). Analysis was performed in FlowJo. Gating was first done on forward scatter and
side scatter to exclude debris. Doublets were excluded by gating on FSC area vs. FSC height
(Supplementary Figure 2.1) Zombie Violet (BioLegend) was used to exclude dead cells from
analyses. Antibodies: CD3- AF488 (BioLegend,clone HIT3a), Cd8a-AF488 (BioLegend, clone
53-6.7), CD45-PerCP/Cy5.5 (BioLegend, clone GK1.5), CD45-APC(BioLegend, clone 30-F11),
NK1.1- APC (BioLegend, clone PK136), NKp46- APC (BioLegend, clone 29A1.4), CD11b-
PE/Cy7 (BioLegend, clone M1/70), CD11c-AF488(BioLegend, N418), IA/IE-AF700 (BioLegend
M5/114.15.2), CD27 (BioLegend, clone LG.3A10), H-2- PE (BioLegend, clone M1/42), NKG2A-
PE (Miltenyi Biotec, clone REA1161), H2-Dd-PE (BioLegend, clone 34-2-12), Qa-1b(b)-PE (BD
Biosciences, clone 6A8.6F10.1A6), PD-L1-APC (BioLegend, clone 29E.2A3), CD49b- APC/Cy7
(Biolegend, clone DX5), and CD107b-FITC (BioLegend, clone 1D4B), IFNy-PE (Biolegend,
clone XMG1.2).

Tumor dissociation and immune cell isolation. EMT6 and E0771 tumors were harvested
from mice at ~300-500mm3 (serum-free RPMI, Gibco) and dissociated using the Tumor
Dissociation Kit (Miltenyi Biotec) according to manufacturer’s specifications with the
gentleMACs Octo dissociator (Miltenyi Biotec) default tumor protocol (40 minutes at 37°C under

constant agitation). The dissociate was then passed through a 40um filter and washed with 20-
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30mL of PBS and ACK lysed. CD45+ cell isolation was performed using CD45 mouse
microbeads (Miltenyi Biotec).

RNA isolation. After dissociation and CD45+ bead isolation, RNA was harvested from mouse
tumors using the Maxwell 16 automated workstation (Promega) and the LEV simplyRNA Tissue
Kit (Promega). RNA concentration was determined by spectrophotometry (NanoDrop2000,
Thermo Fisher Scientific).

NanoString gene expression analysis. Gene expression analysis on untreated
heterogeneous MHC-1 EMT6 tumors (CD45+ bead sorted) were performed using the nanoString
Pan-cancer immunology panel according to the manufacturer's specifications. Tumor
dissociates were used for RNA preparation, and 50 ng of total RNA was used for input into
nCounter hybridizations. Data were normalized according to endogenous housekeeper controls
and transcript counts were log-transformed for statistical analysis. Original data from the
NanosString is available at Supplementary Data 1.

Single-cell RNA sequencing. Immune cells were harvested from parental EMT6 and MHC-IHET
tumors and total tumor and CD45+ immune populations were collected from parental EMT6
tumors for single cell RNA sequencing. Each sample (targeting 15,000 cells per sample) was
processed for single-cell 5' RNA sequencing utilizing the 10x Chromium system. Libraries were
prepared following the manufacturer’s protocol. The libraries were sequenced using NovaSeq
6000 with 150 bp paired-end reads. RTA (v.2.4.11; lllumina) was used for base calling, and
analysis was completed using 10x Genomics Cell Ranger software. Data was analyzed in R
using the filtered h5 gene matrices in the Seurat package. In brief, samples were subset to
include cells with >200 but <3,000 unique transcripts to exclude probable non-cellular RNA
reads and doublets. Cells with >15% of reads coming from mitochondrial transcripts were also
excluded as probable dying cells. Batch effect correction was introduced using Seurat built-in
CCA method. SingleR was used to assist with cell-type annotation of clusters. Differential gene
expression analysis was applied calling FindMarkers function with resulting volcano plot
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produced with EnhancedVolvano. Single sample gene set enrichment analysis was performed
on each individual cell using Escape package using Hallmark gene pathway.
Immunofluorescence and analysis methods. Immunofluorescent assays for CK/HLA-A/B/C
+/-CD8 or CD56 and CK/HLA-E were developed and optimized at Vanderbilt University Medical
Center using tyramine signal amplification (TSA) for increased antigen sensitivity. Briefly,
formalin-fixed paraffin-embedded tissue was sectioned at 4 mm, deparaffinized, antigen
retrieval performed with citrate buffer at pH 6, endogenous peroxidase blocked with hydrogen
peroxide, and protein block applied. Sections were then incubated with the first primary antibody
overnight at 4°C. Followed by incubation with an HRP-conjugated secondary antibody, and TSA
reagent applied according to the manufacturer's recommendations. After washing, antigen
retrieval, and protein blockade, incubation steps were repeated for the second and third primary
antibodies as described. Primary antibodies: (panCK AE1/AE3 Biocare) at 1:1600, HLA-A/B/C
C6 Santa Cruz at 1:1300, CD8 144B MM39-10 StatLab, CD56 E7X9M Cell Signaling at 1:600,
HLA-E MEM-E/02 Abcam at 1:400. Counterstaining was performed with DAPI for nuclei
identification. Tonsil and placenta were used as positive and negative control tissues.
Specificity of the C6 antibody was confirmed by IHC analysis of K562 cells (MHC-I null)
transduced with individual HLA-A, B, and C alleles. The C6 antibody recognizes most common
types of HLA-A, B and C, and is therefore representative of a pan-MHC-I stain (Supplementary
Figure 1A).

Whole slide images were digitally acquired using an AxioScan Z1 slide scanner (Carl Zeiss) at
20x. Automated quantification was performed via a pathologist-supervised machine learning
algorithm using QuPath software. Cell segmentation was determined with the built-in cell
detection algorithm. Briefly, nuclei were identified above an optimized threshold on DAPI and
defined utilizing watershed segmentation. The cell cytoplasm and membrane were determined
by 3um cell expansion around the nuclei. Cells were labeled as objects in a hierarchical manner
below the tissue annotation or TMA core, each with a xy coordinate. Measurements of intensity
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and morphology were generated for every cell compartment and channel. Object classifiers
were trained on annotated training regions from control tissue and tumor samples to define
cellular phenotypes. Tumor cells were defined by panCK expression and subcellular
characteristics. T-cell and NK cells were defined by CD8 and CD56 expression, respectively.
Once the algorithm was performing at a satisfactory level, it was used for batch analysis. For
cases with low, heterogeneous, or null CK expression in which the classifier's performance was
not optimal, tumor areas were manually annotated. Out-of-focus areas, tissue folds, necrosis,
normal breast, and in situ carcinoma were excluded from the analysis. A pathologist visually
assessed each sample for the correct performance of the algorithm. Single cell data including
sample ID, xy coordinate, cell phenotype, and HLA-A/B/C and HLA-E intensity were exported
from QuPath for further analysis.

Human breast tumor MHC-I expression analysis. To measure if HLA-A/B/C expression is
associated with immunotherapy benefit, a categorical variable of Top and Bottom 33% HLA-
A/B/C expression was created. Patients from the carboplatin + atezolizumab arms were ordered
separately from high to low based on their average tumoral HLA-A intensity. For each arm, the
top 33% of the rank were selected (for carboplatin + atezolizumab, 41/3=13.6 (round to 13
patients); for carboplatin, 39/3=13 patients) to compare their progression free survival. Similarly,
13 patients at the bottom of the rank were selected from each arm to compare their progression
free survival. Single-cell resolution immunofluorescence data, including fluorescence intensity
for HLA-A/B/C, CD8, CD56 (NK cell marker), and pancytokeratin on breast cancer tumors, and
spatial cell coordinates were imported from immunofluorescence imaging data. The coefficient
of variation (u/0) was calculated to measure tumor-specific HLA-A/B/C heterogeneity within the
sample. To assess the modality of tumor-specific HLA-A/B/C expression, Hartigen’s Dip test
and the R package LaplacesDemon were applied to calculate a Bayesian form of test statistic

for multimodality.
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Human breast tumor spatial analysis. Tumor cells were categorized as MHC-I"9" (mean HLA-
A/B/C intensity + standard deviation), MHC-I" (mean HLA-A/B/C intensity - standard deviation),
or MHC-IM9, Then, the Ripley’s K function (R package: spatstat.core, v2.4-4) and the resulting
area under the curve were calculated to measure the spatial distribution and clustering pattern.
Clustering algorithms DBSCAN (R package: dbscan, v1.1) were applied, taking the tumor cells'
spatial coordinates as input to create tumor clusters. The clusters were categorized as HLA-
A/B/CMeh (HLA-A/B/C median+IQR), HLA-A/B/Clow (HLA-A/B/C median-IQR), or HLA-A/B/Chet.
To determine the effect of tumor MHC-I expressional heterogeneity on immune cell localization,
immune cell spatial coordinates were superimposed on the tumor clusters. Each immune cell is
linked with its nearest tumor cluster to create an immune:tumor pair. Each core was then
summarized by counting the immune:MHC-Ihigh cluster pair, immune:MHC-llow cluster pair,
and immune:MHC-lhet cluster pair. The count was further adjusted by the number of
corresponding tumor clusters, either HLA-A/B/C high, het, or low, and the number of immune
cells in the specific core to reduce sampling bias.

adjusted count = (N of immune:tumor cluster pair)/

(N of corresponding tumor cluster x N of immune cells)

NK cell quantification was performed using CIBERSORTXx deconvolution of TBCRC patient’s
tumor bulk RNAseq data. CD8 T cell quantification was collected from the mIF image result. The
NK:CD8 ratio was calculated using formula log2NK/CD8.

To quantify the MHC-I heterogeneity within the tumor, dbscan unsupervised clustering to
identify individual tumor clusters was performed. Each cluster was then classified as MHC-|
high, het, and low based on the cluster’s average HLA-A/B/C intensity. The percentage of MHC-
I het clusters within the tumor was then calculated. To identify the optimal cutoff points that
separate patient’s progression free survival, the R package survminer (version 0.4.9) was used

and an 85% MHC-I het cluster was chosen as the optimal cutoff point. Patients with tumors
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containing >=85% MHC-I het clusters were labeled as having abundant MHC-I heterogeneity
while tumors with <85% were labeled as having low MHC-I heterogeneity.

Statistical analysis. Statistical analyses were performed as indicated using R or GraphPad
Prism (GraphPad Software). For two-group analyses, student's t-test was used to compare
normally distributed means. Log or square root transformation or non-parametric testing was
used if not normally distributed. For comparison within the patient or tumor, paired t-test or non-
parametric testing was used. For multiple comparisons, ANOVA (analysis of variance) was
accompanied by a posthoc Tukey test or a Kruskal-Wallis's test with a posthoc Dunn's test. For
survival analysis, the log-ranked test is used. To access the data tailedness, excessive kurtosis
parameter was calculated from base R function kurtosis. In a standard normal distribution, the
kurtosis value is 3. Therefore, excess kurtosis is calculated by subtracting 3 from the original
kurtosis value. For a data distribution that has very few outliers, like a uniform distribution in
extreme cases, a negative excess kurtosis value is expected. A positive excess kurtosis value,
such as in the case of a patient's HLA-A intensity, indicates that the data distribution tends to
have heavy tails. A heavy-tailed distribution means there is a greater probability of encountering
a tumor cell with HLA-A/B/C expression that is a certain standard deviation away from the mean

tumoral HLA-A/B/C expression during random sampling of tumor cells.
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CHAPTER Il
Intratumor heterogeneity in MHC-I expression drives immunotherapy resistance in breast

cancer and drives NK cell infiltration?

Abstract

Although immune checkpoint inhibition (ICI), such as anti-Programmed Death Ligand-1 (aPD-
L1), has shown success in cancer therapy, intrinsic and acquired resistance to therapy are
prevalent in triple-negative breast cancer (TNBC) patients, and the mechanisms underlying this
resistance are not well understood. The recognition of MHC-I-peptide complexes (pMHC-I) by
CD8+ cytotoxic T cells is critical for the response to ICls in patients. Tumor cells can evade
immunosurveillance and ICI by downregulating or deleting tumor-specific Major
Histocompatibility Complex | (tsSMHC-I). Tumors from TNBC patients show diverse MHC-I
phenotypes, ranging from highly positive to weakly positive (or negative) MHC-| expression,
even within the same tumor. Complete loss of MHC-I is known to impact anti-tumor immunity
and ICI response. However, there is a lack of models that address heterogeneity in MHC-|
expression, which is the more common clinical scenario. In fact, most studies have evaluated
the role of MHC-I expression using complete Beta-2-microglobulin (B2m) knockout models to
eliminate tumor MHC-| expression, which is uncommon in human disease. Our data show that
this model misses unique immunologic features of the tumor-immune microenvironment that

occur when MHC-l is heterogeneously expressed.

2 Adapted from Taylor, B.C., Sun, X., Gonzalez-Ericsson, P., Sanchez, V., Sanders, M.E.,
Hanna, A., Wescott, E., Opalenik, S.R., Lehmann, B.D., Abramson, V.G., Pietenpol, J.A., Balko,
J.M. NKGZ2A is a Therapeutic Vulnerability in Immunotherapy Resistant MHC-I Heterogenous
Triple Negative Breast Cancer. Cancer Discovery. 2023.
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Introduction

Immunotherapy, particularly immune checkpoint inhibitors (ICI), has become a standard
treatment for many types of cancer(137). The anti-programmed death-1 (PD-1) monoclonal
antibody pembrolizumab is approved for the treatment of early-stage or programmed death
ligand-1 (PD-L1)-positive metastatic triple-negative breast cancer (TNBC) in combination with
chemotherapy(131,133,136,138-140). However, only about 15% of early-stage TNBC patients
experience benefit from adding ICI(136,141). Current biomarkers such as tumor-infiltrating
immune cells and PD-L1 expression have shown limited or no utility in predicting ICI treatment
outcomes in the early setting(136,141-143). Further research is needed to understand why ICI
therapy is ineffective for most TNBC patients and to devise strategies to expand its clinical

benefit.

CD8+ T cell recognition of major histocompatibility complex-I (MHC-I, comprised of classical
HLA-A, -B, and -C in humans) molecules bearing antigens cognate to the unique T cell receptor
is critical for anti-tumor immune clearance and efficacy of ICIs(3,144). Loss or dysfunction of
MHC-I represents a common mechanism by which tumor cells can evade adaptive immunity
and has been associated with resistance to immunotherapy(23,47,81,145,146). There are a
variety of mechanisms whereby tumor-specific MHC-1 (tsMHC-I) antigen presentation can be
disrupted, including immune editing or selection against neoantigens(45,147), loss or lack of
MHC-I1 allelic diversity(78,148,149), and development of mutations which limit interferon-sensing
pathways and resulting MHC-I upregulation(23). Somatic genetic losses at HLA loci, or
epigenetic suppression by promoter hypermethylation have also been described in breast

cancer(150).

Mouse studies modeling the role of tsMHC-I in anti-tumor immunity and immunotherapy

response frequently rely on complete (clonal) genomic loss of tumor beta-2-microglobulin
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(B2m), an obligate heterodimeric partner for MHC-I. Genetic deletion of B2m results in an
immunologically cold tumor microenvironment and complete lack of response to PD-1/L1-
targeted therapy(23,85,151), or other therapies targeting adaptive responses requiring antigen
recognition(47,77). However, clonal deletion of tsMHC-1 or B2m is relatively uncommon in
breast cancer, or in cancer in general(150,152,153), with a majority of tumors exhibiting sub-
clonal lesions, increasing the complexity of tsMHC-I expression within the tumor

microenvironment.

Heterogeneous loss or downregulation of tsMHC-I at the single-cell level is anticipated to have
numerous consequences. Partial loss could render tumors less responsive or completely
unresponsive to immunotherapies. Coordinate reduction in T cell infiltration and function could
also occur. Finally, perhaps more unexpectedly, heterogeneity in the microenvironment could
lead to spatial effects on tumor immunity not appreciated in either fully MHC-I-competent or -

incompetent tumors (e.g., a neomorphic effect).

Results

Partial loss of tsSMHC-I expression is associated with lack of immunotherapy benefitin TNBC

Transcriptional suppression or polymorphic loss of MHC-I is correlated with ICI resistance
(41,74), due to downregulation and reduced diversity of tumor antigen presentation to CD8+ T
cells. The association of tsMHC-I protein expression on ICI treatment outcomes in breast cancer
patients has not been studied in detail. To test whether loss of MHC-I expression is associated
with the efficacy of ICI therapy in breast cancer, multiplexed immunofluorescence (mlIF) staining
was conducted for DAPI, pan-cytokeratin (panCK, a marker for epithelial cells), and HLA-A/B/C
(representing MHC-I), on pre-treatment biopsies from 84 metastatic TNBC patients in a recently
completed randomized Phase Il clinical trial evaluating carboplatin + atezolizumab
(NCT03206203) (Figure 3.1A). Improved progression-free survival (PFS) was observed
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in patients with high tsMHC-I expression (top 33% HLA-A/B/C intensity, n=13) when treated with
carboplatin in combination with atezolizumab compared to carboplatin alone. In contrast, there
was no significant difference in PFS between the two treatment arms for patients with low
tsMHC-I expression (bottom 33% HLA-A/B/C intensity, n=13) (Figure 1B). Our findings
emphasize that adding anti-PD-1/L1 targeting immunotherapy is unlikely to benefit metastatic
TNBC patients with low tsMHC-I expression. During this analysis, we observed that many
breast cancers demonstrated heterogeneous expression of HLA-A/B/C, comprising regions of
high and absent expression (see example in Figure 3.1A). Of note, we further validated the
specificity of the antibody HLA-A C6 through IHC analysis of various HLA alleles. The C6
antibody recognized most common types of HLA-A, B, and C alleles, and is therefore
representative of a pan HLA stain (Supplementary Figure 3.1A). To more specifically quantify
the probability that individual tumor cells with high and low MHC-I expression were present
within the same tumor, the tailedness of tsMHC-| expression was measured using the excess
Kurtosis parameter. (Supplementary Figure 3.1B). Most TNBC tumors displayed a leptokurtic

distribution, demonstrating the coexistence of extreme outliers.
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Figure 3.1: Low tsMHC-| expression is associated with lack of benefit to immunotherapy
treated mMTNBC. A) mIF for HLA-A/B/C (MHC-I) and panCK (merged and single channel example
shown), was performed on 84 baseline/pre-therapy archived biopsy samples collected from
patients with metastatic TNBC in a randomized Phase I clinical trial of carboplatin + atezolizumab.
B) Progression free survival was compared using the log-rank test between carboplatin +
atezolizumab metastatic TNBC patients with the highest tsMHC-I expression (top 33%) and those
with the lowest tsMHC-I expression (bottom 33%). Confidence intervals for each arm are
represented as red or green dotted lines and median survival for each arm are plotted as black
dotted line.
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TNBC displays high tsMHC-I expression heterogeneity

TNBC tumors demonstrate heterogeneous intratumor MHC-I expression, meaning tumor cells
with high and low MHC-I expression co-exist within the same microenvironment. To investigate
whether the heterogeneity of tsMHC-I expression is breast cancer subtype-specific, single-cell
level mIF analysis was conducted for panCK and HLA-A/B/C on tumor microarrays comprising
314 breast cancer patients (n=227 ER+; 9 HER2+/ER+; 7 HER2+/ER-; 52 TNBC) (Figure
3.2A). Significant variability in tumor HLA-A/B/C expression was observed across breast cancer
subtypes, with TNBC exhibiting the highest overall expression (Figure 3.2B). Moreover, TNBC
tumors at the single cell level also demonstrated a high coefficient of variation, reaffirming
tsMHC-I intra-patient heterogeneity in expression (Figure 3.2C). To assess the distribution of
tsMHC-I fluorescence intensity, Hartigan's dip test(154) was utilized to measure the probability
of unimodal versus multimodal distribution. Many TNBC tumor cells expressed HLA-A/B/C in a
multimodal manner (Figure 2D), indicating the presence of HLA-A/B/C"9" and HLA-A/B/C'*"
tumor cells within the same tumor. HER2+/ER+ tumors also expressed a high degree of

multimodality but were poorly represented in this dataset.
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Figure 3.2: TNBCs display high tumor-specific MHC-I expression heterogeneity. A) mlF for
HLA-A/B/C and panCK was performed on 314 breast tumor microarrays (n=227 ER+; 9
HER2+/ER+; 7 HER2+/ER-; 52 TNBC) to obtain single-cell resolution MHC-I expression. The
circle plot is a summary of the patients’ HLA-A/B/C expression. Each line in the center represents
single patient tumors comprised of individual tumor cell HLA-A/B/C expression plotted as a dotted
plot. Spikes are colored by the tumor’s mean MHC-I intensity. The inner layer of the circle reflects
the coefficient of variation of each tumor. The outer layer of the circle is labeled by breast cancer
subtype. B) Total sample HLA-A/B/C IF intensity across breast cancer subtypes. C) Coefficient
of variation of HLA-A/B/C expression within breast tumors. D) Hartigan’s dip test was applied to
determine whether the distribution of tsMHC-I expression is unimodal or multi-modal.
****P<0.0001, **P<0.01, Bonferroni-corrected t-test was used for statistical comparisons.
Boxplots display the median, 25", and 75" quantiles.
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Modeling MHC-I heterogeneity and response to immunotherapy in vivo

Distinct patterns of MHC-I heterogeneity were observed in TNBC patient tumors, but the impact
of this observation on immune cell infiltration and response to immunotherapy has not been
studied in preclinical models. To assess how the immune microenvironment is shaped in
response to tsMHC-I heterogeneity, CRISPR-Cas9 was used to knock out B2m in a BALB/c
murine orthotopic mammary cancer model (EMT6), which has homogeneously high MHC-I
expression at baseline (Figure 3.3A). As expected, clonal loss of B2m completely abrogated
tumor sensitivity to anti-PD-L1 (Figure 3.3B), consistent with prior literature(155-158). To
model MHC-| heterogeneity and response to anti-PD-L1, EMT6 MHC-I proficient and deficient
isogenic lines were mixed at various ratios prior to injection (Figure 3.3C). The EMT6 model
displayed variability in response to single-agent anti-PD-L1, ranging from complete response
(CR), acquired resistance (AR), and intrinsic resistance (IR) (Figure 3.3D). As little as 10% loss
of MHC-I resulted in significantly decreased CRs and 50% loss of MHC-I resulted in no CRs
(Figure 3.3E). Because the 50% loss of MHC-I abrogated CR to anti-PD-L1, this percentage
was selected to model MHC-I heterogeneity, termed MHC-IMET henceforth, to examine changes

in the immune microenvironment with respect to MHC-I loss and resistance to anti-PD-L1.
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Figure 3.3: Modeling MHC-I heterogeneity and response

to immunotherapy in vivo. A) Flow

Cytometry histogram showing MHC-I (H2Dd) expression on live parental EMT6 and EMT6 B2m
KO cells. B) Parental, MHC-I"ET, and B2m KO EMT6 tumor cells were injected subcutaneously in
BALB/c mice. Mice were treated at 7-day intervals with IgG antibody or anti-PD-L1 antibody.
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Graphs show combined tumor growth and survival curves. n=10 to 15 per group. C) Parental and
B2m KO cells at varying inoculums (2% B2m KO EMT6 and 98% Parental EMT6; 5% B2m KO
EMT6 and 95% Parental EMT6; 7% B2m KO EMT6 and 93% Parental EMT6; 10% B2m KO
EMT6 and 90% Parental EMTG6) were injected subcutaneously in BALB/c mice. Mice were treated
at 7-day intervals with anti-PD-L1 antibody. Green lines represent CRs. n=15, with number of
CRs observed annotated in graph. D) Representative individual mouse tumor curves for intrinsic
resistance, acquired resistance, and complete response when treated at 7-day intervals with anti-
PD-L1 antibody. These curves were picked to best represent resistance patterns in EMT6 tumors
and are across multiple experiments. E) Percentage rates of complete response acquired
resistance, and intrinsic resistance in parental, B2m KO, and the various inoculums of parental
and B2m KO mixture EMT6 tumor cells injected subcutaneously in BALB/c mice. Mice were
treated at 7-day intervals with 1gG or anti-PD-L1 antibody. Data presented are represented of two
individual experiments. n=15.

Enforcing heterogeneity in MHC-I expression reshapes NK cell infiltration

To determine how changes in MHC-I expression might reshape the immune microenvironment
in untreated parental (high MHC-I), MHC-I"ET (heterogeneous MHC-I), and B2m-KO (MHC-|
null) EMT6 tumors, RNA gene expression profiling was performed on CD45+ infiltrating immune
cells for each tumor type. Gene expression analysis revealed that T cell markers and interferons
(IFN) were coordinately expressed with increasing MHC-I expression (Figure 3.4A and
Supplementary Figure 3.4A-B). Interestingly, MHC-I"ET tumors had a uniquely elevated level
of NK cell-related genes (Figure 3.4B-C). Increased NK cell abundance in MHC-IET tumors
was further confirmed using flow cytometry through direct measurement of immune cell
populations and total tumor populations (Figure 3.4D-F and Supplementary Figure 3.4C). To
describe these differences in NK cell infiltration among the models at various stages of tumor
size, longitudinal assessment of tumor-infiltrating lymphocytes was performed by fine-needle
aspiration. NK cells were present at the beginning of tumor formation, ~100mm?3, in the parental
and B2m-KO tumors, but when tumors reached ~500mm?, NK cells were no longer detected. In
contrast, in the MHC-I"ET EMT6 tumor model, NK cells infiltrated at significantly higher numbers
at ~100mm? and were still present at ~500mm? (Supplementary Figure 3.4D), indicating higher

NK cell retention throughout tumor progression.
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Figure 3.4: Enforcing heterogeneity in MHC-I expression reshapes NK cell infiltration. A-B)
Calculated z-score sum of NK and T Cell related genes in untreated parental, MHC-I"ET, and B2m
KO EMT6 tumors CD45+ microbead fractionated. n=4 per group. C) Untreated parental, MHC-
I"ET, and B2m KO EMT6 tumor CD45+ tumor-infiltrating leukocytes were bead isolated, RNA was
extracted, and utilized for NanoString gene expression using the PanCancer Immune Pathways
codeset (>700 immune-related genes). n=4. D-E) Flow cytometry analysis of tumor infiltrating
CD3+ T cells and NK cells from untreated parental, MHC-I"ET, and B2m KO EMT6 tumors. CD45+
tumor-infiltrating leukocytes were bead isolated
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Discussion
The mechanism of resistance to immunotherapy in TNBC remains poorly understood. Only 15%
of patients with early-stage TNBC benefit from the addition of immunotherapy to standard
neoadjuvant chemotherapy regimens, and in the metastatic setting, only about 20% of patients
qualify for immunotherapy based on PD-L1 testing, with far fewer actually deriving benefit.
Previous studies have attempted to validate potential biomarkers of response, such as tumor-
infiltrating lymphocytes, mRNA signatures, and tumor mutation burden, but have largely been
unsuccessful due to a lack of consideration for direct testing of tumor cells' antigen presentation
capabilities.
Considering these failed studies, studies fail to consider direct testing of antigen presentation
capabilities of tumor cells. CD8+ cytotoxic T cell recognition of MHC-I-peptide complexes
(PMHC-I) is critical for an effective response to ICIs. However, tumor cells can evade
immunosurveillance and ICI treatment through the downregulation or deletion of tumor-specific
MHC-I (tsMHC-1). Most studies of MHC-I| expression by tumor cells have been conducted using
"purist" models of MHC-I loss, such as complete B2m knockout, which do not accurately
replicate most human diseases. Surprisingly, few studies have explored the effects of
heterogeneous MHC-I expression in the microenvironment, which is far more common in human
breast cancers.
Our approach and model provide an innovative design that yields novel insights into the anti-
tumor immune response and new ways of targeting cancer immune evasion. Our preliminary
data demonstrate substantial heterogeneity in MHC-I expression in primary breast cancers,
where immunotherapy has recently been approved in combination with chemotherapy (chemo-
immunotherapy) for TNBC. There is a pressing need to gain a better understanding of how the
existing and underappreciated heterogeneity in MHC-I expression by breast cancers may
impact the immune microenvironment and how to overcome primary resistance to
immunotherapy. To achieve this, further investigation into the specific loss of MHC-I alleles
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versus just B2m loss is required. Additionally, a comparison of the effects of MHC-I "hard" lesion
heterogeneity to "soft" lesion heterogeneity should be examined. Our model only represents
hard lesions encoded in the DNA sequence, while soft lesions such as methylation appear to be
even more predominant in human cancer and may have different effects on anti-tumor
immunity.

A more detailed mechanistic understanding of how intra-tumor heterogeneity in antigen
presentation shapes anti-tumor immunity will be critical for developing new therapeutic
strategies to enhance immunotherapy regimens in breast cancer, with potential applications to
other cancer types. Our data demonstrate a unique tumor-immune microenvironment in
heterogeneous MHC-I-expressing tumors, supporting a deeper dive into how modulation of
MHC-1 expression shapes antitumor immunity in breast cancer. This observation should be
extended rigorously into multiple models of mammary cancer, with multiple mechanisms of
MHC-1 downregulation/loss, and ultimately determining whether the same altered anti-tumor

microenvironment can be observed in human breast cancers.
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CHAPTER IV
NKG2A is a therapeutic vulnerability in immunotherapy resistant MHC-I heterogenous triple-

negative breast cancer 3

Abstract
Despite the success of immune checkpoint inhibition (ICI) in treating cancer, patients with triple-
negative breast cancer (TNBC) often develop resistance to therapy, and the underlying
mechanisms are unclear. MHC-I expression is essential for antigen presentation and T-cell-
directed immunotherapy responses. This study demonstrates that TNBC patients display
intratumor heterogeneity in regional MHC-I expression. In murine models, loss of MHC-I
negates antitumor immunity and ICI response, whereas intratumor MHC-I heterogeneity leads
to increased infiltration of natural killer (NK) cells in an IFNy-dependent manner. Using spatial
technologies, MHC-I heterogeneity is associated with clinical resistance to anti-programmed
death (PD) L1 therapy and increased NK: T-cell ratios in human breast tumors. MHC-I
heterogeneous tumors require NKG2A to suppress NK-cell function. Combining anti-NKG2A
and anti—-PD-L1 therapies restores complete response in heterogeneous MHC-I murine models,
dependent on the presence of activated, tumor-infiltrating NK and CD8+ T cells. These results

suggest that similar strategies may enhance patient benefit in clinical trials.

Introduction
As MHC-I expression varies greatly among breast cancers, innovative approaches are needed

to enhance the effectiveness of immunotherapies targeting the host immune system for cancer

3 Adapted from Taylor, B.C., Sun, X., Gonzalez-Ericsson, P., Sanchez, V., Sanders, M.E.,
Hanna, A., Wescott, E., Opalenik, S.R., Lehmann, B.D., Abramson, V.G., Pietenpol, J.A., Balko,
J.M. NKGZ2A is a Therapeutic Vulnerability in Immunotherapy Resistant MHC-I Heterogenous
Triple Negative Breast Cancer. Cancer Discovery. 2023.

41



treatment. Several strategies have been proposed to counteract the loss of MHC-I antigen
presentation, including the use of bi-specific antibodies that bind to tumor-expressed molecules
beyond MHC-I and harnessing other immune cell populations therapeutically when CD8+ T cell

cytotoxicity is diminished, such as NK cells.

When target cells lack MHC-I, NK cells become activated through a process known as "missing-
self recognition”, which enables them to eliminate the target cells. For instance, bacteria,
viruses, and impaired or infected cells may lack or downregulate MHC, leading to unhindered
NK cell activity that is typically suppressed by inhibitory receptors on target cells. As a result, NK
cells are more inclined to attack these target cells. Given the actions and abilities of NK cells,
they have garnered significant attention, and their use holds great promise in the realm of

cancer immunotherapy.

In Chapter Il in murine tumors with controlled MHC-I heterogeneity, we observed a striking
increase in NK cell infiltration. However, semi-linear resistance to anti-PD-L1 was still observed
with increasing B2m-null content, suggesting that NK cell functionality is insufficient to
adequately slow tumor growth regardless of ICI therapy. Nonetheless, the increased presence
of NK cells suggests that if functionality could be restored therapeutically, this could be a
tractable approach to translate to the clinic in TNBC. Kirc1(Nkg2a) and its heterodimeric partner
Cd94 are C-type lectin receptors which are expressed predominantly on the surface of NK cells
and some CD8+ T cells. Signaling via their ligand (HLA-E/Qa-1b, present or interferon-inducible
on a variety of cells including tumor cells) suppresses NK cell functionality through abrogation of
‘missing-self signals. MHC-I heterogeneous tumors may recruit NK cells but drive their balance
(e.g. Nkg2a:Nkg2d ratio) toward inhibition. Thus, we will determine whether NK cells can be
targeted to overcome ICI resistance in MHC-I heterogeneous tumors.In this study, analyzing the
spatial contexture of human breast tumors, we found that regions of tumors with heterogeneous

MHC-1 expression contained significantly higher levels of NK cells compared with regions with
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uniformly high or low MHC-I expression. Murine mammary tumors with enforced MHC-|
heterogeneity (MHC-I"ET) mirrored our findings in human TNBC and showed substantially
increased NK-cell infiltration compared with MHC-I proficient or B2M-knockout (KO) tumors.
Tumor-infiltrating NK cells targeted with combination anti-NKG2A and anti-PD-L1 treatment
overcame anti—-PD-L1 resistance and extended survival in multiple murine mammary cancer
models. Furthermore, we have identified IFNy as a crucial recruitment factor for tumor-infiltrating
NK cells in MHC-I heterogeneous tumors. Collectively, we identified key changes in the tumor
microenvironment of heterogeneous MHC-I TNBCs and candidate combination immunotherapy

to overcome ICI resistance.

Results
NK cells in MHC-I heterogeneous tumors are enriched with Itga2 and IL2 signaling related

genes

In Chapter IlI, we described unique changes in NK cell infiltration in MHC-I"ET tumors. We
hypothesized that the lack of immune infiltration in B2m-KO tumors could be due to a paucity of
key chemokine and cytokine signals such as IFNy/a and Cxcl9/10 (Supplementary Figure 4.1).
Since the expression of Cxcl9/10 was similar between parental and MHC-I"ET EMT6 tumor
microenvironments, the level of these chemokines alone could not explain the differences in NK
cell abundance. Therefore, single-cell RNA (scRNA seq) and NanoString gene expression
profiling was utilized to characterize tumor-infiltrating NK cells from parental and MHC-I"ET
EMT®6 tumors to assess factors contributing to NK cell retention and recruitment. NK cells were
characterized with SingleR and further confirmed by their Ncrl and Klrcl positivity and lack of
Cd3e (Figure 4.1A and Supplementary Figure 4.2A). Differential gene expression analysis
revealed NK cells from MHC-IHET EMT6 tumors expressed elevated levels of Itga2 (CD49b,

conventional NK cells), an integrin subunit that forms a receptor for collagen (Figure 4.1B).
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CD49b has recently been shown to help retain NK cells at the site of infection when binding to
collagen, which is highly enriched within EMT6 tumors and surrounding fibroblasts
(Supplementary Figure 4.2B-C) (159-161). In addition, enrichment of IL-2 signaling related
genes (Stat5b, 112rb), and particularly higher Bcl2 expression, an anti-apoptotic factor that also
serves as an activation or proliferation marker for NK cells (162), was observed in NK cells from
MHC-I"ET EMT6 tumors compared to parental EMT6 tumors (Figure 4.1B-C). These
observations were further confirmed using NanoString gene profiling on CD45+ cells and flow
cytometry (Figure 4.1D-E), suggesting that MHC-I"ET tumor-infiltrating NK cells bear specific
phenotypes that lead to NK cell retention and maintenance. Although MHC-I"ET EMT6 tumors
are resistant to anti-PD-L1 therapy, there are substantial changes in the amount of tumor-

infiltrating NK cells, illustrating an opportunity to therapeutically exploit this phenotype.
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Figure 4.1: NK cells in MHC-I heterogeneous tumors are enriched with Itga2 and IL2
signaling related genes. A-C) Single cell RNA sequencing performed on untreated parental and
MHC-I "ETEMT6 tumors. A) UMAP of tumor infiltrating NK cells using SingleR. B) Differentially
expressed genes compared between the NK cells in parental and MHC-I"ETEMT6 tumors (colored
genes all show absolute log FC>1and pvalue<le-5). C) IL2-STAT5 ssGSEA was performed on
the NK cells taking individual cells as the sample (p<0.0001). D) Untreated parental and MHC-
I"ET EMT6 tumors were CD45+ tumor infiltrating leukocytes bead isolated. RNA was extracted
and utilized for NanoString gene expression using the PanCancer Immune Pathways codeset
(>700 immune-related genes). Analyzed by student’s t test. n=4. E) Flow cytometry analysis of
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CD49b expression tumor infiltrating NK cells from untreated parental and MHC-I"ETEMT6 tumors.
Mean shown with SEM. Analyzed by student’s t test. n=3-4. *p<0.05, **p=<0.01

MHC-I"ET tumor analysis reveals distinct changes in the immune microenvironment.

Previous studies have established that the presence of conventional type 1 dendritic cells
(cDC1) in the tumor microenvironment are reliant on NK cells (163,164). Flow cytometry
analysis revealed that cDC1s (defined here as Cd45+Cd11c+MHC-II-high) were significantly
more abundant in MHC-I"ET EMT6 tumors compared to parental EMT6 tumors, consistent with
the higher NK cell infiltration (Figure 4.2A). Transcriptomic analysis of CD8+ T cells in untreated
MHC-I"ET and parental EMT6 tumors revealed T cells from MHC-I"ET EMT6 tumors displayed
markers of naive CD8+ T cells (Tcf7, Ccr7, Sell) and had reduced markers of cytotoxic function
and activated CD8+ T cells (Gzmb, Nkg7) (Figure 4.2B-D). Thus, despite the increased
potential for CD8+ T cell priming by more abundant cDCs, it is possible that the substantial
reduction tumor cell-specific antigen presentation in MHC-I"ET tumors dominates the phenotype

in basal conditions.
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Figure 4.2: MHC-I"ET tumor analysis reveals distinct changes in the immune
microenvironment. A) Flow cytometry analysis of tumor infiltrating normalized to tumor weight
from untreated parental and MHC-I""" EMT6 tumors. Dendritic cells are gated on live MHC-
II+/CD11c+ tumor infiltrating dendritic cells was measured as number of cells per mg of tumor.
n=3-4. Data analyzed by student T test. B-C) Single cell RNA sequencing performed on untreated
parental and MHC-I "STEMT6 tumors. B) UMAP of tumor infiltrating T cells classified using
SingleR. C) Comparison of T cell differentially expressed genes from parental MHC-I "STEMT6
tumors (colored genes all show absolute log FC>1and p value<le-5). D) Gene expression for
markers of cytotoxic (Gzmb, Nkg7) and naive (Sell, Ccr7, Tcf7) CD8 T cells.
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Combined targeting of T cells and NK cells restores immunotherapy responses in MHC-I"ET

tumors

We next hypothesized that therapeutic activation of tumor-infiltrating NK cells in MHC-I"ETEMT6
tumors could overcome resistance to anti-PD-L1 immunotherapy. The inhibitory receptor
NKG2A is expressed on NK and T cells, recognizing the non-classical MHC-I molecule HLA-E
in humans and Qa-1b (encoded by the H2-T23 gene) in mice. Expression of Qa-1bwas
observed in MHC-I"ETEMT6 tumor cells (CD45-) in vivo (Figure 4.3A). NKG2A expression of
NK and T cells in the tumor environment and control tissue (spleen) was examined. NKG2A
expression of NK cells was constitutive, while it was increased on tumor infiltrating CD8+ T cells
as compared to spleen (Figure 4.3B). To evaluate if activation of NK cells via NKG2A blockade
in MHC-I"ET EMT6 tumor-bearing mice would improve response and overall survival, mice were
treated with anti-NKG2A, anti-PD-L1, or a combination of both. While single-agent anti-NKG2A
or anti-PD-L1 showed no improved survival or reduced tumor growth rates, a combination of
NKG2A and PD-L1 blockade had a pronounced anti-tumor effect and restored CRs (CR=30%)

in mice bearing MHC-I"ETEMT6 tumors (Figure 4.3C).

Comparable results were obtained in the basal-like C57BL/6 murine mammary cancer cell line
EQ771. When stimulated with IFNy for 48 hours in vitro, EQ771 cells display a naturally
occurring heterogeneous expression of MHC-1 (Figure 4.3D). Additionally, EO771 had similar
levels of tumor-infiltrating NK and CD8+ T cells to the MHC-I"ET EMT6 model (Figure 4.3E).
EOQ771 tumors are known to be resistant to anti-PD-L1 therapy (165). When E0771 tumor-
bearing mice were treated with a combination of anti-PD-L1 and anti-NKG2A blockade, survival

was significantly extended compared to single agent anti-PD-L1 and anti-NKG2A (Figure 4.3F).

Given that the combination blockade of NKG2A and PD-L1 improved response in MHC-I

heterogeneous mammary tumors, it was investigated whether this strategy could also enhance
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the response in parental or B2m-KO tumors. tumors While B2m-KO tumors showed no
response to combination therapy, parental EMT6 tumors showed significant tumor reduction
(CR=80%) in comparison to single agent anti-PD-L1 (CR=33%) (Supplementary Figure 4.3A).
This suggests engagement by CD8+ T cells and potentially augmentation of limited populations
of NK cells, which are enhanced after anti-PD-L1 treatment alone in parental EMT6 tumors

(Supplementary figure 4.3B).
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Figure 4.3: Combined targeting of T and NK cells restores immunotherapy responses in in
heterogenous MHC-I murine mammary tumors. A) Flow cytometry analysis of Qalb
expression on MHC-I"ET tumors- Gated on live CD45- cells. B) Flow cytometry analysis of NKG2A
expression on the surfaces of NK and CD8+ T cells in the spleen and MHC-I"ET EMT6 tumors.
NK cells are gated on live CD45*, NKp46*, and CD3". CD3+ T cells are gated on live CD45* and
CD3*. Student’s t test was used for comparison. n=5. C) MHC-I"ET EMT6 tumor cells were injected
subcutaneously in BALB/c mice. Mice were treated at 7-day intervals with IgG antibody, anti-PD-
L1 antibody, anti-NKG2A antibody, or a combination of anti-NKG2A and anti-PD-L1 antibodies.
Graphs show combined tumor growth and survival curves and analyzed by ANOVA followed by
Tukey’s post-hoc test and log-rank (Mantel-Cox) tests, respectively. n=5 to 10 per group. D) Flow
cytometry histogram showing MHC-I (H2D) expression on live E0771 cells after stimulation in
vitro for 48 hours with 50 ng/mL of IFNy. E) Flow cytometry analysis of tumor infiltrating NK and
T cells from untreated E0771 and MHC-I"ET EMT6 tumors were CD45+ tumor-infiltrating
leukocytes were bead isolated. NK cells are gated on live CD45*, NK1.1*, and CD3". T cells are
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gated on live CD45+, CD3+. n=4-5 per group. F) EO771 tumor cells were injected subcutaneously
in C57BL/6 mice. Mice were treated at 7-day intervals with IgG antibody, anti-PD-L1 antibody,
anti-NKG2A antibody, or a combination of anti-NKG2A and anti-PD-L1 antibodies. Graphs show
combined tumor growth and survival curves and were analyzed by ANOVA followed by Tukey’s
post-hoc test and log-rank (Mantel-Cox) tests, respectively. n=5 to 10 per group.

The NKG2A/Qal axis promotes immunotherapy resistance in MHC-1"ET tumors

To more rigorously assess whether PD-L1 therapeutic targeting in the MHC-I"ET tumors is
thwarted by the Qa-1b: NKG2A axis, Qa-1b, the ligand for NKG2A, was deleted in parental
EMT®6 cells while leaving other MHC-I coding genes intact (Figure 4.4A). Treatment with anti-
PD-L1 resulted in a significant reduction in tumor volume in Qa-1b KO tumors (Figure 4.4B),
similar to the level of response observed in parental EMT6 tumors that received combination
treatment with anti-NKG2A. The Qa-1b KO cells were then combined with B2m-KO cells (which
cannot express Qa-1b due to lack of B2m) at a 50:50 ratio to create a tumor model that is MHC-
I"ET /Qa-1bN®9. Qa-1b knockout partially restored single-agent anti-PD-L1 response (Figure
4.4C). We hypothesize that the effect was only partial due to availability of Qal from other
stromal cells in the tumor microenvironment but could also hint at alternative ligands for NKG2A.
Thus, these data demonstrate the role of the NKG2A/Qal axis in promoting intrinsic resistance

to anti-PD-L1 in MHC-I"ET tumors.
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Figure 4.4 The NKG2A/Qal axis promotes immunotherapy resistance in MHC-I"ET tumors.
A) Flow Cytometry histogram showing Qa-1 expression on live parental EMT6 and EMT6 Qal
KO cells after stimulation in vitro for 48 hours with 50ng/ mL of IFNy. B) Qal KO EMT6 cells were
injected subcutaneously in BALB/c mice. Mice were treated at 7-day intervals with IgG antibody
or anti-PD-L1 antibody. Graphs show combined tumor growth and individual tumor sizes on day

28 post tumor inoculation. n=5 per group. C) Parental, MHC-I

, and B2m KO: Qal KO (50:50)

EMT6 tumor cells were injected subcutaneously in BALB/c mice. Mice were treated at 7-day
intervals with IgG antibody or anti-PD-L1 antibody. Graphs show combined tumor growth and
individual tumor sizes on day 26 post tumor inoculation. n=10 per group. Bars represent SEM.
Data analyzed by ANOVA followed by Tukey’s post-hoc test. *p<0.05, **p<0.01; ***p=<0.001,

****ps

0.0001

Response to NKG2A and PD-L1 combination blockade is dependent on both NK cell and T cell

activity

NKG2A is expressed on both CD8+ T cells and NK cells and is considered a therapeutic target

in both cell types. To determine if the anti-tumor effect of combination therapy depended on NK
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cells or CD8+ T cells, tumor-bearing mice were treated with antibodies for asialo-GM1 (Balb/c
and C57/BL6) or NK1.1 (C57BL6) (depleting NK cells) or CD8a (depleting CD8+ cytotoxic T
lymphocytes). Based on these studies both NK and CD8+ T cells are necessary for response to
the combination of anti-NKG2A and anti-PD-L1 in MHC-I"ETEMT6 and E0771 tumors (Figure
4.5A and Supplementary Figure 4.4A-B). These data suggest that both therapies are targeting
different populations of lymphocytes, each of which may be functionally eliminating different
populations of tumor cells in the microenvironment. To test this, tumor MHC-I expression was
examined by flow cytometry at tumor endpoint among the treatment groups. In both the MHC-
I"ET EMT6 tumors and EQ771 tumors, anti-PD-L1 treatment selected against MHC-I expressing
cells, resulting in tumors that were MHC-I null, whereas anti-NKG2A selected for MHC-I
expressing cells (Figure 4.5B and Supplementary Figure 4.4D). In EMT6 MHC-I"ET tumors,
NK cells were significantly higher in single-agent-treated anti-NKG2A and combination-treated
tumors on day three after treatment; however, by day seven, only NK cells in combination-
treated tumors remained elevated (Figure 4.5C). The NK cells in tumors treated with anti-
NKG2A exhibited higher degranulation as measured by CD107a (Figure 4.5D), whereas T cells
in tumors treated with anti-PD-L1 had significantly higher degranulation (Figure 4.5E). These
data suggest that anti-NKG2A and anti-PD-L1 may be a synergistic combination treatment to
overcome immunotherapy resistance in TNBC models with heterogeneous MHC-1 expression

via cooperative elimination of MHC-I+ and MHC-I- cells.
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Figure 4.5: Response to NKG2A and PD-L1 combination blockade is dependent on both
NK cell and T cell activity. A) MHC-I"ET EMT6 or E0771 tumor cells were injected
subcutaneously in BALB/c mice or C57BL/6 mice, respectively. Three days after tumor
implantation, mice were treated with 1gG, anti-CD8a, anti-NK1.1 or anti-aGM1 antibody. Mice
were treated at 7-day intervals with IgG antibody, anti-PD-L1 antibody, anti-NKG2A antibody, or
a combination of anti-NKG2A and anti-PD-L1 antibodies. Graphs show combined survival curves
and were analyzed by log-rank (Mantel-Cox) tests. Significance shown is non-depleted 1gG
control compared to both anti-CD8 and anti-aGML1 treated mice. n=5 to 10 per group. B) Flow
cytometry analysis of MHC-I"ET tumor MHC-I expression after treatment with IgG, anti-PDL1, anti-
NKG2A, or a combination of both anti-NKG2A and anti-PD-L1. EMT6 tumors resected at
endpoint. Tumor cells are gated on live CD45", H2D*. n= 5. C-E) Flow cytometry analysis of tumor
infiltrating NK and CD3+ T cells in MHC-I"ET EMT6 tumors treated IgG antibody, anti-PD-L1
antibody, anti-NKG2A antibody, or a combination of anti-NKG2A and anti-PD-L1 antibodies day
3 and day 7 post treatment. CD45+ tumor-infiltrating leukocytes were bead isolated. C) NK cells
are gated on live CD45* and CD3" NKp46+. Analyzed by ANOVA followed by Tukey’s post-hoc
test. n=3-5 per group. D) Flow cytometry analysis of tumor infiltrating NK cell degranulation in
MHC-I"ETEMT6 tumors. NK cells are gated on live CD45* and CD3" NKp46 +, CD107+. n=3-5
per group. E) Flow cytometry analysis of tumor infiltrating CD3+ T cell degranulation in MHC-IHET
EMT6 tumors CD3 T cells are gated on live CD45* and CD3+, CD107+. n=3-5 per group.
Analyzed by ANOVA followed by Tukey’s post-hoc. *p<0.05, **p<0.01; ***p=<0.001, ****p<0.0001
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NK cell infiltration is dependent on the presence of IFNy in the tumor

We next hypothesized that the absence of NK cells in B2m-KO tumors was attributed to the lack
of IFNy from antigen-responsive T cells leading to a cold tumor microenvironment. To
investigate this, a doxycycline (dox) inducible IFNy vector was transduced in B2m-KO EMT6
cells, which do not inherently secrete IFNy (Figure 4.6A-C). In vivo dox-mediated induction of
IFNy in B2m-KO EMT®6 tumors resulted in a significant increase of tumor-infiltrating NK cell in
MHC-I null tumors (Figure 4.6D). Subsequent activation of these NK cells with anti-NKG2A
significantly reduced tumor burden in the B2m-KO EMT6 tumors, which were previously shown
to be unresponsive to multiple types of therapy (Figure 4.6E). Our findings suggest that
although MHC-I null tumors lack inhibitory signals that could facilitate NK-mediated tumor
clearance, the absence of critical stimulatory signals (e.g., IFNy) results in poor NK cell
recruitment. Consistent with this hypothesis, MHC-I"ET EMT6 tumors implanted into /FNy-/-
BALB/c mice resulted in a complete loss of NK cell infiltration into MHC-INET EMT6 tumors
compared to those established in wildtype mice, while T cell infiltration remained unchanged
(Figure 4.6F). Depletion of CD8+ T cells also abolished NK cell recruitment in MHC-I"ET EMT6
tumors grown in wildtype mice, suggesting that interferon from antigen-activated CD8+ T cells is

a required signal for NK cell recruitment (Figure 4.6G).
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Figure 4.6: Tumor microenvironmental interferon gamma is required for NK cell
recruitment to tumors lacking MHC-1 expression A) Flow cytometry staining for intracellular
IFNy. B2m KO EMT6-IFNy cells were treated with increasing doxycycline (Dox) concentrations
(0, 62.5, 150, 250, 500, 1000 ng/mL) and incubated for 48 hours. B) IFNy secretion after
doxycycline treatment was measured in supernatant and detected by ELISA. Data represent
mean + SEM. C) B2m KO EMT6-IFNy cells were treated with 62.5 ng/mL of doxycycline and
collected after 48 hours. The supernatant containing secreted IFNy was placed on parental EMT6
cells to induce PD-L1 expression. D) Flow cytometry analysis of B2m KO dox-inducible IFNy
EMT®6 tumor infiltrating NK cells and CD8 T cells with or without doxycycline. NK cells are gated
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on live CD45*, NKp46*, and CD3". T cells are gated on live CD45+, CD3+. Normalized to tumor
weight. N=4. Analyzed by student T test. E) Doxycycline inducible IFNy B2m KO EMT6 tumor
cells were injected subcutaneously in BALB/c mice. Mice were given water with or without
doxycycline and treated at 7-day intervals with 1gG antibody or anti-NKG2A antibody. Graphs
show combined tumor growth and individual tumor sizes on day 28 post tumor inoculation. n=4-
10 per group. Data analyzed by ANOVA followed by Tukey’s post-hoc test. F) Flow cytometry
analysis of MHC-I"ET tumor infiltrating NK cells from MHC-I"ET tumors grown in wildtype or Ifng -
/- BALB/c mice. G) Flow cytometry analysis of MHC-I"ET tumor infiltrating NK cells from mice
treated with either 1gG or anti-CD8a depletion antibody. *p<0.05, **p<0.01; ***p<0.001,
****n<0.0001

Regional tumor-specific MHC-I expression is associated with changes in the local immune

microenvironment

To identify if the NKG2A/HLA-E axis is a relevant therapeutic target in TNBC, expression of
tumor HLA-E and NKG2A in infiltrating NK cells was examined in a series of TNBCs. HLA-E
was found to be widely expressed in TNBC tumors and was significantly correlated with the
presence tumor-infiltrating NK and CD8+ T cells (Figure 4.7 A-B). Furthermore, analysis of
previously published scRNA sequencing data from human TNBC (166) revealed that NKG2A
(gene name KLRC1) is highly enriched in NK and, to a lesser degree, CD8+ T cells, consistent

with results in our in vivo model (Supplementary Figure 4.5A).

Based on the observed distinct immune cell infiltration pattern changes due to alterations in
tsMHC-I expression in mice, we asked whether tsMHC-I expression is associated with similar
tumor immune microenvironment features in humans. To test this, mIF assays were performed
using panCK and HLA-A/B/C to evaluate tsMHC-1 expression, and CD8 or CD56 (NK cell
marker) to spatially assess immune cell infiltration patterns (Figure 4.7C-D and
Supplementary 4.5B-C). At the bulk level, a positive correlation between tsMHC-I expression
and CD8+ T cell infiltration was observed (Supplementary Figure 4.5D). However, there was
no significant linear correlation between average MHC-I expression and the abundance of NK

cells (Supplementary Figure 4.5E). Given the tsMHC-I heterogeneity observed in TNBC

56



tumors, the immune cell infiltration patterns around regions of high and low MHC-I expression
and regions characterized by heterogeneous MHC-I expression were examined. Density-based
spatial clustering of applications with noise (DBSCAN)(167) was used to cluster panCK+ cells
from each tumor. Based on the average HLA-A/B/C intensity of the tumor clusters, the clusters
were classified as HLA-A/B/C"9", HLA-A/B/C", and HLA-A/B/C'°Y. Using the nearest neighbor
method, each tumor cluster was paired with its closest CD8+ T cell or NK cell (Figure 4.7C and
D). To minimize sampling bias, the number of immune-tumor pairs was normalized by the
number of immune cells and tumor clusters. CD8+ T cells tended to co-localize with HLA-
A/B/CMM tumor clusters. In contrast, regions of HLA-A/B/C'*" had the lowest infiltration of CD8+
T cells (Figure 4.7E). Consistent with our findings in the murine model, HLA-A/B/C" tumor
clusters exhibited the highest levels of infiltrating NK cells and intermediate level of CD8+ T
cells (Figure 4.7E and F). Thus, regions of MHC-I heterogeneity are associated with increased
NK cell localization, consistent with our murine models.

To investigate the impact of heterogeneity in MHC-I expression on the outcome of ICI treatment,
the abundance of HLA-A/B/C" tumor regions in pre-therapy biopsy samples from the clinical
trial of carboplatin + atezolizumab in metastatic TNBC was evaluated. Tumor cells were
grouped using the DBSCAN algorithm, and the percentage of HLA-A/B/C"! regions out of total
tumor clusters was calculated. Patients whose biopsies contained over 85% HLA-

A/B/CM regions were classified as “abundant heterogeneity,” while the remaining patients were
labeled as “low heterogeneity”. Among chemoimmunotherapy-treated patients, the abundance
of HLA-A/B/C"® regions was strongly associated with progression-free survival, but not in
patients treated with chemotherapy alone (Figure 4.7G). In patients with abundant MHC-I
heterogeneity, the NK:CD8 T cell ratio was higher (Figure 4.7H), indicating a relatively higher
infiltration of NK cells that could be activated/targeted with anti-NKG2A immunotherapy. These

findings highlight the importance of understanding the relationship between tsMHC-I expression
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and immune cell infiltration in determining patient outcomes and identifying novel

immunotherapy targets.
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Figure 4.7: Tumor-specific MHC-1 expression is associated with the regional NK cell and
T cell infiltration A) mIF for HLA-E and panCK (merged and single channel example shown),
was performed on 93 TNBC tumor microarrays. B) The expression HLA-E on tumor cells
positively correlates with NK cell and CD8 T cell abundance (p=0.00078, spearman test). Log10
normalization was performed on HLA-E intensity, CD8 T cell counts, and NK cell counts to
improve visualization. C) Representative mlF staining for DAPI, panCK, HLA-A/B/C and CD8 or
CD56. Cell identity, spatial coordinates, and HLA-A/B/C expression were recorded for
subsequent analysis of tumor microenvironment. Tumor cells were further clustered with
DBSCAN algorithm to capture spatial tumor islands and the islands were labeled based on their
MHC-1 expression. D) CD8 T cells were clustered with their nearest tumor island to form CD8-
tumor pair. Boxplot showing average of adjusted CD8-tumor pair count per patient.
(****p<0.0001, **p<0.001, Bonferroni-corrected paired t-test, ROI=154). E) NK cells were
clustered with their nearest tumor island to form NK-tumor pair. F) Boxplot showing average of
adjusted NK-tumor pair count per patient. (*p<0.05, Bonferroni-corrected paired t-test, ROI=69).
G) Patients from the NCT03206203 clinical trial were classified as HLA-A/B/C"® region dominant
(labeled as abundant) or HLA-A/B/Ctregion low (labeled as low). Progression free survival was
compared using the log-rank test between the two cohorts within carboplatin + atezolizumab
arm (n=41, p=0.00071) and carboplatin arm (n=39, p=0.15). Confidence intervals for the
corresponding patients were represented as yellow or blue dotted line and median survival for
each cohort is plotted as black dotted line. H) NK and CD8 T cell infiltration was calculated
using a normalized NK:CDS8 ratio (*p<0.05, Wilcoxon test). All the boxplots capture the median,
and 25Mand 75™ quantile.

Discussion

Anti-PD-1/PD-L1-based therapy can produce durable anti-tumor immune responses in some
patients. However, adaptive, and innate immune responses impose selection pressure on tumor
cells, which eventually lead to immune escape and immunotherapy resistance. Multiple cancer
cell intrinsic immune escape mechanisms, such as low neoantigen load (168,169), loss of
antigen presentation (23), and impaired response to interferon (170), have been correlated with
immunotherapy outcome. Among these ICI resistance mechanisms, insufficient antigen
presentation to T cells, exemplified by MHC-I downregulation, compromises a sizable proportion
of patients (171,172). Our analysis of metastatic TNBC patients treated with chemotherapy +
immunotherapy demonstrated that high tsMHC-I heterogeneity is associated with lack of benefit
to PD-L1 therapy. As heterogeneous tsMHC-| expression is common in breast cancer,
particularly TNBC, our results highlight the need to overcome aberrant tsSMHC-I expression to
achieve higher rates of immunotherapy responses and benefit. While several approaches have

been investigated to enhance MHC-I expression and reactivate anti-tumor immunity (94), our
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objective was to exploit changes in the immune microenvironment resulting from tsMHC-I
heterogeneous expression to overcome immunotherapy resistance. We found that this tumor-
specific phenotype drives NK cell infiltration leading to our investigation of alternative checkpoint

blockades, specifically NKG2A.

Our findings reinforce the growing interest in utilizing tumor-infiltrating NK cells as a potential
therapeutic strategy for tumors with loss of MHC-I expression (173—-175). Other reports have
highlighted tumor cells with complete loss of MHC-1 and increased sensitivity to NK cells
because they fail to engage inhibitory KIR (176-178). While informative, these studies have not
explored the relationship of NK cells and varied MHC-I expression, which is commonly the case
we and others have found in breast cancer (150,152,153). This study provides evidence that
heterogeneity in MHC-1 expression, not complete loss of MHC-I, has the strongest correlation
with NK cell infiltration in TNBC patient cohorts and murine models. The observed increase in
NK cell abundance in heterogeneous MHC-I tumors is due to several factors: firstly, as we have
shown here, tumor microenvironmental IFNy is required for NK cell recruitment, coming from
antigen-responsive T cells. Secondly, although not mechanistically shown here, an upregulation
of IL-2 signaling, crucial for maintaining NK cell activity, appears to be associated with
enhanced NK cell activity. Finally, we observed an enrichment of CD49b expression which
facilitates NK cell retention within the tumor microenvironment. Interactions between collagen
and CD49b in NK cells can promote the expression of CXCL10 and other chemokines in the
presence of low levels of interferon (179). The CD49b"9" NK cells that infiltrate MHC-I"ET tumors
may actively engage with the collagen-rich environment, leading to an increase in CXCL9/10
expression. However, further investigation is necessary to explore the impact of NK-dependent

chemokine expression in the MHC-I"ET microenvironment on CD4/CDS8 infiltration and retention.

Increased infiltration of NK cells has important implications for systemic anti-tumor immunity, as

previous research has demonstrated that NK cells produce chemokines that attract cDC1s
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(12,163,164). We observed higher dendritic cell infiltration in the NK cell abundant MHC-'HET
tumor models. However, markers of T cell activation that could be associated with cDC cross-
priming were not observed. This phenomenon may be explained by differences in
immunogenicity between our syngeneic tumor model and other spontaneous models, or the
partial loss of MHC-I on tumor cells. Alternatively, cDC priming of CD4+ T cells leading to CD4-
mediate cytokine support could also play a more dominant role under basal conditions in the

absence of therapeutic checkpoint blockade.

Other studies have highlighted the importance of NK and CD8+ T cell activation through NKG2A
blockade therapy (180-182). Monalizumab (anti-NKG2A, AstraZeneca) has become the center
of several clinical trials in various cancer types (NCT04307329, NCT04590963, NCT05221840,
NCT02671435, NCT05061550, NCT03833440). Our findings indicate that HLA-E expression is
frequently detected in TNBC tumors and is positively correlated with infiltration of NK and CD8+
T cells. These findings suggest that combining anti-NKG2A with anti-PD-L1 therapy may
represent a promising yet underexplored approach for treating TNBC tumors. Future research
could involve spatial profiling to measure the distance between HLA-E positive tumors and
NK/CD8+ T cells, with the aim of developing potential biomarkers to predict patient response to
NKG2A blockade.

These data reinforce the growing interest on how tumor-specific antigen presentation via MHC-I
plays a role in modifying anti-tumor immunity and ICI response. Together, they endorse the
unmet translational and clinical need to address heterogeneity in MHC-1 expression as a
variable in understanding breast cancer anti-tumor immunity and response to immunotherapy.
Moreover, these data highlight the potential to harness NK cell function in advancing cancer

immunotherapy combinations.
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Chapter V

Conclusions and Future Directions

MHC-I heterogeneity and immunotherapy response in TNBC

PD-1/L1-targeting therapies function by inhibiting suppressive signals to activated T effector
cells, particularly CD8+ cytotoxic cells (172,183). The suppressive signal occurs when PD-1
binds to PD-L1 on T cells, which is commonly present on infiltrating myeloid cells but can also
be expressed by tumor cells and other components of the adaptive and innate immune systems.
Recognition of peptide-bound MHC-I molecules by CD8+ T cells is essential for antitumor
immune clearance and the efficacy of ICls (183,184). MHC-I is expressed ubiquitously on all
nucleated cells and can be induced by inflammatory signals, such as interferons (e.g.,
interferon-gamma; IFNy), to enhance antigen presentation to T cells in the microenvironment.
Although tumor immune-editing of neoantigens is an established mechanism of escape from
CD8+ T cells, the expression of MHC-I by tumor cells is the maost critical step in this process.
Therefore, loss or deregulation of MHC-I represents a straightforward method for tumor cells to
evade adaptive immunity. There are few studies that have systematically explored MHC-I loss in
breast cancers, specifically in the tumor compartment; however, our data suggest it is far more

common than expected.

Loss or downregulation of MHC-I is a well-known mechanism of immune evasion, and in some
cases, it has been associated with resistance to immunotherapy (185). For instance, genomic
loss of beta-2-microglobulin (B2M), which is a necessary partner for stabilizing and expressing
classical HLA-A/B/C and non-classical HLAs on the cell surface, has been observed in
melanomas that have developed acquired resistance to anti-PD-1 therapy (23). Preclinical
studies on MHC-I and B2M function have demonstrated that loss of these molecules through
genetic deletion or CRISPR/Cas9-mediated KO in tumor cells results in an overwhelmingly

"cold" immune microenvironment and negates the response to most T cell-targeted
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therapeutics. However, these studies typically rely on complete loss or "purist" biological
approaches to understanding the consequences of MHC-I loss. Therefore, further research is
necessary to fully comprehend the complexity of MHC-I regulation in cancer and its impact on
immunotherapy efficacy.

In chapter Il above, | describe our work on MHC-I heterogeneity in triple-negative breast cancer
and immunotherapy response. To evaluate heterogeneity in MHC-I expression at the single-cell
level, we performed multiplexed immunofluorescence for HLA-A/B/C and pan-cytokeratin
(panCK) to colocalize MHC-I signal to tumor cells. A series of >300 early breast cancers from
diverse subtypes were analyzed. We found that TNBC had the highest average
intensity/expression level across tumor cells, but also the highest variability and probability of
demonstrating bimodal MHC-I expression. To examine the impact of MHC-I expression
heterogeneity on the outcomes of ICI treatment, the abundance of HLA-A/B/C in tumor regions
was evaluated in pre-therapy biopsy samples obtained from a clinical trial of carboplatin +
atezolizumab in mTNBC [NCT03206203]. DBSCAN was used to cluster panCK+ cells from each
tumor, and the percentage of HLA-A/B/C regions out of the total tumor clusters was determined.
Patients whose biopsies contained over 85% HLA-A/B/C regions were classified as having
"abundant heterogeneity," while the rest were labeled as having "low heterogeneity." Among
patients who received atezolizumab treatment, the abundance of HLA-A/B/C regions was strongly

correlated with PFS, but not in patients treated with carboplatin alone.

Based on our findings in human disease, we developed an informative model to illustrate how
heterogeneity in MHC-I expression could impact anti-tumor immunity. We utilized CRISPR-guided
B2m knockout (B2m-null) in a murine orthotopic model (EMT6) and combined MHC-I-proficient
and MHC-I-deficient isogenic lines at various ratios to simulate how pre-existing populations of
absolute MHC-I loss would affect the immune microenvironment. Our results showed that

heterogeneity in MHC-I expression led to considerable resistance to anti-PD-L1 therapy, which
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was consistent with our observations in patients. Additionally, this resulted in a significantly
different tumor-immune microenvironment compared to the complete absence (B2m-null) or

presence (MHC-I-proficient) of MHC-I in the tumor inoculums.

NK cell interactions with MHC-I heterogenous tumors
In breast cancers, new strategies are required to broaden the applicability of therapeutics that
target the host immune system for cancer treatment. While tumors with low or diminished MHC-I
expression can escape adaptive CD8+ T cell cytotoxicity, NK cells provide an alternative innate
immunologic approach to target these tumors for elimination. This is due to the "missing-self"
hypothesis, which states that NK cells identify and remove tumor cells that do not express MHC-
I. Furthermore, NK cells produce chemokines and cytokines that can facilitate adaptive immune
responses, such as dendritic cell recruitment for antigen priming and the elimination of adjacent
MHC-1 expressing tumor cells. While NK cells may be crucial in controlling and eliminating
cancer cells, our understanding of the extent of NK cell cytotoxic response in heterogeneous
MHC-I TNBC tumors is limited.
In chapter IV, our work described the role of NK cells in heterogeneous MHC-| tumors and how
they can be utilized to overcome immunotherapy resistance. In human breast tumors, we
utilized multiplexed immunofluorescence for panCK, HLA-A/B/C, and either CD8 or CD56 to
observe changes in the immune microenvironment. We found that cytotoxic T cells were
regionally linked to high MHC-1 expression, while NK cells were spatially organized to
heterogeneous regions. In murine tumors with controlled MHC-I heterogeneity, we observed a
notable increase in NK cell infiltration. However, resistance to anti-PD-L1 therapy persisted,
indicating that the functionality of NK cells alone is insufficient to effectively slow tumor growth,
regardless of ICI therapy. Nonetheless, the elevated presence of NK cells suggested that if NK
cell functionality could be restored therapeutically, this could be a practical approach overcome

immunotherapy resistance. In a transcriptional analysis of CD45+ infiltrating cells, we noticed a
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unique increase in the expression of Klrc1(Nkg2a) and its heterodimeric partner Cd94 in MHC-I
heterogeneous tumors. These molecules are C-type lectin receptors, which are expressed on
the surface of NK cells and some CD8+ T cells. Signaling via their ligand (HLA-E/Qa-1, present
or interferon-inducible on various cells including tumor cells suppresses NK cell functionality
through abrogation of "missing-self’ signals. Treatment with anti-NKG2A therapeutic antibodies
restored sensitivity to anti-PD-L1 therapy in EMT6 MHC-IHET Additionally, KO of NKG2A ligand

Qa-1 re-sensitized MHC-I"ET tumors to a-PD-L1 therapy.

Future Directions
Our findings strongly indicate that the expression of MHC-I can significantly impact the immune
response against tumors, and its dysregulation may play a crucial role in immunotherapy
resistance, specifically in TNBC. These insights advance our understanding of immunotherapy
response and highlight the potential for combining multiple biomarkers to enhance predictive
values for clinical use. Notably, MHC-II is a promising biomarker of response that could work
synergistically with MHC-I.
Intriguingly, a subset of tumors, from many sites of origin, express MHC-II, which presents
antigen to CD4+ T cells and is canonically thought to only be expressed by professional antigen
presenting cells (pAPCs), such as B cells, macrophages, and dendritic cells (DCs). Our lab has
previously identified that the expression of MHC-II on tumor cells was a biomarker for anti- PD-
1/L1 response in melanoma (186). Additionally, other studies have shown that tsMHC-II
expression is linked to an improved response to nivolumab in Classical Hodgkin Lymphoma and
increased CD8+ infiltrate, leading to better survival in ovarian cancer (97). CD4+ T cell help is
needed for effective priming and maintenance of a CD8+ T cell response. Therefore, stimulating
CD4+ T cells may lead to a more effective anti-cancer immune response than activating CD8+ T

cells alone.
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In previous studies of our lab, we demonstrated that upregulating tsMHC-II could enhance anti-
tumor immunity. Building on this, we hypothesized that MHC-II expression could serve as a
functional antigen-presenting molecule, promoting CD4 T-helper cell aid to the anti-tumor
environment and potentially overcome the loss of MHC-I. To investigate the therapeutic
potential of MHC-II, we enforced tumor cell expression of Class Il Major Histocompatibility
Complex Transactivator (CIITA) in EMT6 B2m KO cells, which lack MHC-| expression (Figure
5.1A). Upon implantation into syngeneic immunocompetent mice, we observed that the
enforced expression of MHC-II and its associated machinery could not effectively restore the

response to immunotherapy in tumors that lacked MHC-I expression (Figure 5.1B).
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Figure 5.1. Enforced MHC-Il expression in MHC-I null tumors fails to rescue response to
anti-PD-L1 therapy. A) Parental EMT6 and B2m KO EMT6 cells were transduced with pmx-
CIITA. Flow plots show MHC-1 and MHC-II expression. B) Anti-PD-L1 treatment schema. C)
EMT6 pmx-CIITA-B2m KO tumor cells were injected subcutaneously in BALB/c mice. Mice were
treated at 7-day intervals with IgG antibody or anti-PD-L1 antibody. Graphs show combined
tumor growth and survival curves. n=10 to 15 per group.
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While the functional role of MHC-1l may not be sufficient to overcome MHC-I loss, it could serve
as a non-functional marker of the inflammatory state of the tumor environment. Combining
assessments of MHC-I and MHC-II competence could improve predictive capacity and patient
selection for future immunotherapy combination trials. While the clinical trial discussed in
chapters Il and IV (NCT03206203) did not find MHC-I1I to be a reliable predictor of
immunotherapy efficacy on its own, the combination of MHC-1 and MHC-II evaluations revealed

a subset of patients who exhibited a favorable response to the addition of atezolizumab (Figure

5.2A-B).
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Figure 5.2. In metastatic TNBC, MHC-II predicts immunotherapy benefit only in MHC-I
competent tumors. A-B) Analysis of progression-free survival in metastatic TNBC patients
treated with carboplatin + atezolizumab. Patient MHC-I/MHC-II expression is scored IHC.
Based on these initial findings, there is ample evidence to warrant further investigation into the
potential correlation between a combined biomarker of tumor-specific HLA-DR/MHC-II
expression and HLA-A/MHC-| expression and the clinical benefits of immunotherapy
combination therapies in patients with early-stage or metastatic triple-negative breast cancer. .

While we have not yet evaluated MHC-I expression in the early-stage setting, we anticipate that

untreated early-stage tumors may exhibit a lesser degree of MHC-I loss. Therefore, it could be
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proposed that combining MHC-I and MHC-II analyses could enhance our ability to predict
patient response in the early setting as well. One potential approach to investigate this further
would be to conduct a retrospective analysis using tissue samples from multiple institutions.
This would involve collecting data from patients with early-stage and metastatic breast cancer
who have received immunotherapy treatment and performing multiplexed immunofluorescence
analysis on pre-treatment or metastatic tumor biopsies to measure tumor-specific MHC-1I (HLA-
DR/panCK), T cell activation (CD4/CD8/GZMB), and MHC-I (HLA-A/panCK). The primary aim of
this analysis is to determine whether these markers are predictive of patient outcomes, with
clinical response being assessed through measures such as progression-free survival (PFS),
overall survival (OS), and pathological complete response (pCR). There is a scarcity of publicly
available breast cancer datasets that include information on immunotherapy response.
Therefore, this study has the potential to make significant contributions to the field, leading to
future discoveries that could positively impact patients. Furthermore, the ongoing advancements
in MHC-I/Il biomarkers could potentially result in the first clinically-indicated immunotherapy
biomarkers in the neoadjuvant (TNBC) setting. Ultimately, the findings of this study could serve
as the foundation for the development of novel clinical trials, which will help further refine
precision medicine approaches based on the data generated here.

An additional area of investigation for this project is to explore alternative combination therapies
to address the problem of MHC-I loss. Since MHC-II antigen presentation facilitates CD4-T
helper responses, tumor-MHC-II expression may lead to a more diverse antigen presentation
profile. LAG-3 is an immune checkpoint molecule that competes with CD4 for binding to
antigenic MHC-II molecules. Our research shows that many anti-PD-1/L1-responsive tumors
express high levels of MHC-II, suggesting that LAG-3 expression on infiltrating leukocytes could
be a direct mechanism of intrinsic or acquired resistance to anti-PD-1/L1 therapies. To test this,
we enforced murine Ciita expression in the EMT6 tumor model and examined the effects of
combining anti-PD-L1 with anti-LAG-3 monoclonal antibodies. Our findings indicate that the
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addition of anti-LAG3 resulted in lower tumor burden and improved survival rates (Figure 5.3).
Future directions for this research include conducting in vivo studies on our MHC-IHET model to
determine if the combination of LAG-3 and PD-L1 targeted therapy can complement each other
to aid in immunotherapy resistance. Overcoming therapeutic resistance to immune therapy,
particularly anti-PD-1/PD-L1, is one of the major challenges in current cancer biology/therapy.
As such, identifying and overcoming therapeutic resistance in MHC-I heterogenous tumors has
the potential to significantly impact a large population of patients by extending the benefits of

anti-PD-1-based therapy.
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Figure 5.3. Combination blockade of PD-L1 and LAG3 in MHC-II high tumors extend
survival. EMT6 pmx-CIITA- tumor cells were injected subcutaneously in BALB/c mice. Mice
were treated at 7-day intervals with anti-PD-L1, anti-LAG3, or a combination of both. Graphs
show combined tumor growth and survival curves. n=5 to 10 per group.

Concluding thoughts

This study utilizes a comprehensive approach that includes in vitro, in vivo, and human
correlative studies to gain a better understanding of how heterogeneity in antigen presentation
impacts the immune microenvironment in breast cancer, and consequently, modifies the
likelihood of benefit from immunotherapies and chemoimmunotherapy combinations used in
patient care. To develop combinatorial therapeutic strategies, we employed innovative

techniques that modify MHC-I diversity and expression levels. Our strategies focus on
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leveraging the immune microenvironment's adaptation to heterogeneity in antigen presentation,
with a specific emphasis on targeting inhibitory receptors such as NK cells, which are already
under clinical trial for other indications. The results of this work will provide novel insights into
anti-tumor immunity, biomarkers for T cell-targeted and NK-targeted immunotherapy, and

strategic design of future clinical trials in breast cancer.
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Supplementary Figure 3.1: A) Representative IHC examples of K562 cells transduced with
various individual HLA alleles stained using the HLA-A C6 antibody and complete list of
transduced alleles. B) Tailedness of tsMHC-1 expression is measured by excess Kurtosis
parameter, with parameter>0 as leptokurtic distribution and <0 as platykurtic distribution.
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Supplementary Figure 3.4: A-B) Untreated parental, MHC-IHET, and B2m KO EMT6 tumor
CD45+ tumor-infiltrating leukocytes were bead isolated, RNA was extracted, and utilized for
NanoString gene expression using the PanCancer Immune Pathways codeset (>700 immune-
related genes). n=4. C) . Representative NK cell and CD3+ T cell flow cytometry for CD45+
microbead-fractionated EMT6 tumors. D) Flow cytometry analysis of tumor infiltrating NK cells via
non-terminal tumor sampling with FNA at various tumor sizes (100mm3, 500mm3, and 1500mm3)
from untreated parental, MHC-IHET, and B2m KO EMT6 tumors. Matched NK cell levels in PBMC
are included as a control. NK cells are gated on live CD45+, NKp46+, and CD3-. n=5-8 per group.
Analyzed by ANOVA followed by Tukey’s post-hoc test and log-rank (Mantel-Cox) tests.
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Supplementary material for chapter IV: NKG2A is a therapeutic vulnerability in immunotherapy
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Supplementary Figure 4.1: Untreated parental, MHC-I"ET, and B2m KO EMT6 tumor CD45+
tumor-infiltrating leukocytes were bead isolated, RNA was extracted, and utilized for NanoString
gene expression using the PanCancer Immune Pathways codeset (>700 immune-related genes).
n=4.
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Supplementary Figure 4.2: A) The immune cell population was selected, and cell type labeling
was performed using SingleR. NK cell status was confirmed based on Klircl, Ncrl, and Cd3e
expression. B) The z-score sum of genes encoding collagen type I/1ll/IV was calculated across
different cell types. Among the EMT6 tumor cells, the expression of collagen genes is detected.

C) Representative H&E and Masson’s trichrome blue stains of parental and MHC-I

tumors.
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Supplementary Figure 4.3: A) Parental and B2m KO EMT6 tumor cells were injected
subcutaneously in BALB/c mice. Mice were treated at 7-day intervals with IgG antibody, anti-PD-
L1, anti-NKG2A, or a combination of anti-NKG2A and anti-PD-L1 antibodies. The data presented
are representative of two independent experiments. Graphs show combined tumor growth curves
and analyzed by ANOVA followed by Tukey’s post-hoc test. n=5 to 10 per group. B) Flow
cytometry analysis of tumor infiltrating NK cells in parental EMT6 tumors treated 1gG antibody or
anti-PD-L1 antibody day 7 post treatment. CD45+ tumor-infiltrating leukocytes were bead
isolated. NK cells are gated on live CD45" and CD3 NKp46+. Student’s t test was used for
comparison. Bars represent SEM.
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Supplementary Figure 4.4: A-B) A) MHC-I""" EMT6 or B) E0771 tumor cells were injected
subcutaneously in BALB/c or C57BL/6 mice, respectively. See attached with IgG, anti-CD8a, ant-
NK1.1 or anti-aGM1 antibody. Mice were treated at 7-day intervals with IgG antibody, anti-PD-L1
antibody, anti-NKG2A antibody, or a combination of anti-NKG2A and anti-PD-L1 antibodies.
mouse tumor growth curves. Green
Representative flow cytometry on CD8 and NK depleted splenocytes compared to whole
splenocytes. D) Flow cytometry analysis of EO771 tumor MHC-I expression after treatment with
IgG, anti-PD-L1, anti-NKG2A, or a combination of both anti-NKG2A and anti-PD-L1. EQ771

Graphs show individual

Nkp46

H2-DP

lines represent CR. C)

tumors were resected at endpoint. Tumor cells are gated on live CD45", H2D". n= 5.
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Supplementary Figure 4.5: A) The expression of KLRC1 (gene encoding NKG2A) was accessed
in an annotated human TNBC single cell RNA seq dataset. B-C) Representative mIF staining for
DAPI, panCK, HLA-A/B/C and B) CD8 or C) CD56 showing CD8 clusters around HLA-A/B/C high
tumor islands in A and NK cells around HLA-A/B/C heterogenous tumor islands in B. Area marked
by red square. D-E) The correlation between CD8 T cell and NK cell abundance and average
MHC-I expression was measured with Pearson test. Log2 normalization was performed on HLA-
A intensity, %CD8 T cells, and % NK cells to improve visualization. D) %CD8 T cell correlated
with average tsSMHC-I expression (p<0.0001, Pearson test). E) %NK cell correlated with average
tsMHC-I expression (p=0.2, Pearson test).
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