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Abstract

The kinetics of tumor growth and progression are governed by the interaction between
tumor cells, the non-malignant stroma and both innate and adaptive immune cell lineages.
Innate immunity has a critical role in the control of tumor cell growth and metastasis. The
microenvironment of many tumors is populated with innate immune cells, including
regulatory natural killer (NK) cells and dendritic cells (DCs), tumor associated
macrophages, and myeloid derived suppressor cells, that suppress normal immune
function. Much of our understanding of interactions between tumors and the innate
immune system is based on experimental studies performed in mouse “syngenic” models.
However, there is clear need for a mechanistic understanding of the human innate
immune system within the tumor microenvironment.

The goal of my thesis is to characterize the interactions between human innate immune
cells and tumors and to define specific pathways and cell lineages that are targets for
immune modulation. A central focus of my thesis is the use of cutting-edge humanized
mouse models based on the immunodeficient NOD-scid /L2Ry™" (NSG) mouse strain to
study human immuno-oncology. In the first section of my thesis | describe studies that
evaluate the influence of inflammatory stimuli on innate immune control of tumors. Agents
that induce inflammation have been used since the 18" century for the treatment of
cancer. The inflammation induced by agents such as toll-like receptor (TLR) agonists is
thought to stimulate tumor-specific immunity in patients and augment control of tumor
burden. While NSG mice lack murine adaptive immunity (T and B cells), these mice
maintain a residual murine innate immune system that responds to TLR agonists. Here |

describe a novel NSG mouse strain lacking TLR4 that fails to respond to



lipopolysaccharide (LPS). NSG-TIr4"“ mice support human immune system engraftment
and enables the study of human specific responses to TLR4 agonists. My data
demonstrate that specific stimulation of TLR4 activates human innate immune system
and promotes regression of human patient derived xenograft (PDX) tumors. In the second
section of my thesis | describe the development of an NSG mouse strain that constitutively
expresses human Interleukin 15 (IL15) and supports the development of functional
human NK cells. Using humanized NSG-IL15 transgenic mice (NSG-Tg(Hu-IL15), my
data clearly demonstrate a critical role for human NK cells in limiting growth of a PDX
melanoma. In the third section of my thesis | describe, the use of the bone
marrow/liver/thymus (BLT) humanized mouse model to study the interactions between
the human immune system and PDX melanoma and to evaluate the response of the
melanoma to immunotherapy modalities.

My results collectively suggest that mice engrafted with human immune systems and
bearing human tumors can be harnessed as translational models, which are critically
needed as tools to study tumor immunotherapy. These humanized mouse models are an
ideal translational tool to advance our understanding of human immuno-oncology and for

development and testing of novel immune therapies for the treatment of malignancies.



CHAPTERI

Introduction.

The tumor microenvironment and its interaction with the immune system.
An early hypothesis on factors regulating tumor growth was that the main driver for the
development, proliferation and progression of cancers were inherent genetic features.
Cell-autonomous pathways were therefore believed to be sufficient for controlling cancers
(von Hansemann, 1890). In the 19" century, Rudolf Virchow observed the presence of
leukocytes within tumors, providing the first connection between the immune system and
cancer (Grivennikov et al., 2010). Since then, studies done in both animal models and
clinical ex-vivo studies have shown that the immune system can recognize or be
manipulated to recognize and reject tumors (Bazhin et al., 2019; Finn, 2018; Liu and Guo,
2018). Therefore, in addition to tumor cells, there are non-tumor components including
immune cells that can influence tumor growth and survival. To this end, immuno-oncology
tries to understand how components of the immune system are interacting with cancers
for tumor immunosurveillance and how, when and why immune control fails in clinical

disease.

Immunosurveillance of tumors
Both the innate and adaptive arms of the immune system have important roles in tumor
recognition and control (Dranoff, 2004). Detection starts when NK cells sense
transformed cells through activating receptors, which stimulate the NK cells causing the
lysis of transformed tumor cells (Malmberg et al., 2017). The cellular debris from the lysed

tumor cells are phagocytosed and processed by the professional antigen presenting cells



(APCs), including macrophages and DCs, which are activated by the damage associated
molecular patterns (DAMPS) (Janeway and Medzhitov, 2002). Following activation,
macrophages and DCs secrete proinflammatory cytokines and present the processed
tumor antigens to CD4+ and CD8+ T cells to mediate their activation. The effector T cells
control the growth of the tumor through inflammatory mechanisms usually involving the
production of interferon-gamma (IFNy) (Zamarron and Chen, 2011). Together with the
activated NK cells, macrophages and DC, the T cells mount an immune response leading

to the elimination of the remaining tumor cells (Finn, 2018).

An equilibrium state can occur, such that tumor cells escaping immune recognition and
elimination continue to grow. Here, the rate of generation of the new tumor cell variants
balances out the eliminated cells, giving the appearance of a dormant tumor. During the
equilibrium stage, tumor cells continue to divide, and can accumulate mutational changes
that occur due to chance or in response to immune-induced inflammation (Fox et al.,
2011). Over time, the acquired mutational burden enable the tumors to escape immune-
mediated suppression allowing them to grow. Escape from immunosurveillance often
directly involves the immune system itself. The immune system thus plays a critical role
in immunosurveillance and tumor development with a dual capacity to both promote and

suppress tumor growth: a process termed “immune editing” (Figure 1.1).



Figure 1.1: The process of immune editing.
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Figure 1.1: The process of immune editing. Through immunosurveillance, the immune
system can specifically identify and eliminate tumor cells. Nevertheless, a state of
equilibrium can develop when the immune system is not fully able to eliminate the tumor.
During the equilibrium phase tumor progression does not occur. When the tumor cells
suppress the anti-tumor immune response, the tumor escapes and can grow and

metastasize.



Methods of immune evasion by tumors.

Immune regulatory cells.

The generation of an immune suppressive tumor microenvironment (TME) by Forkhead
box protein 3 (FoxP3)+ CD4 regulatory T cells (Tregs), myeloid derived suppressor cells
(MDSC), tumor associated macrophages (TAMs) and immature or functionally impaired
DCs is a central mechanism by which tumors escape immune surveillance (Chao and
Savage, 2018; Tuccitto et al., 2019). Chemokines produced by the tumor and immune
cells such as TAMs and MDSCs within the TME are responsible for Treg migration into
the TME (Fagetetal., 2011; Li et al., 2013; Menetrier-Caux et al., 2012). In addition, there
are data supporting the conversion of CD4+ conventional T cells into Tregs within the
TME aided by transforming growth factor-beta (TGFf) produced by the tumor cells along
with immune cell types such as immature DCs (Zou, 2006). In addition to creating a
suppressive immune microenvironment, MDSC, and M2-like TAMs can promote
angiogenesis and initiate tumor metastasis (Finke et al., 2011; Schmid and Varner, 2010).
M2-like TAMs promote tumor growth and often produce high levels of TGFp, IL10, and

vascular endothelial growth factor (Aras and Zaidi, 2017; Sica et al., 2008).

Defects in tumor antigen presentation

Another well recognized mode of immune surveillance evasion by tumors is by down-
regulating the antigen processing and presentation machinery, particularly major
histocompatibility complex (MHC) class |, the proteosome subunits latent membrane
protein 2 and 7 (LMP2 and LMP7) and tapasin (Garrido et al., 1997; Herrera et al., 2017;

Rotem-Yehudar et al., 1996) which are important for CD8+ T cell activation. Also MHC Il



is downregulated in cancers such as diffuse large B cell ymphoma, where loss of MHC
Il correlated with poor prognosis (Rimsza et al., 2004). MHC Il is important for CD4+ T
helper cell activation which assist CD8+ cytotoxic T cells. The reduced expression of
antigen processing and presentation machinery results in poor antigen presentation,
recognition and activation of cytotoxic CD8+ T cells and promotes tumor survival and
growth (Maeurer et al., 1996). The defect in antigen presentation, not limited to MHC
downregulation leads to poor or complete absence of leukocyte particularly T cell
infiltration in the tumor; a process required for tumor elimination. These tumors that lack

T cell infiltration are termed “cold tumors”(Bonaventura et al., 2019).

Immune tolerance

Many tumors in addition to the stroma and immune cells within the TME express high
levels of inhibitory molecules of the B7 family critical for suppression of T cell response
(Zou and Chen, 2008). Programed cell death protein-ligand 1 (PD-L1), a B7 family
member, can induce T cell anergy and death on engagement with programed cell death
protein 1 (PD-1) expressed on surface of activated T cells (Ahmadzadeh et al., 2009;
Crespo et al., 2013; Grosso et al., 2009). Another family member B7-H4, highly expressed
on TAMs of ovarian carcinoma, was shown to suppress tumor associated antigen specific
T cell immunity (Kryczek et al., 2006). In addition tumors can upregulate the expression
of the death ligand FasL which can cause T cell apoptosis once exhausted (a
dysfunctional state of T cells characterized by progressive loss of function, changes in
transcriptional profiles and sustained expression of inhibitory receptors) (Yajima et al.,

2019). Many tumors also lack the expression of costimulatory molecules such as human



leukocyte antigen E (HLA-E) (Huang et al., 2017), needed to complete activation of T
cells after the T cell receptor (TCR) has been engaged, a process which also leads to T
cell anergy and death (Driessens et al., 2009). Furthermore, studies have also suggested
that tumors down regulate death receptors including Fas (Huang et al., 2017) and tumor
necrosis factor-related apoptosis-inducing ligand receptor 1 and 2 (TRAIL-R1 & 2)(Shin
et al., 2001) to prevent death ligand-mediated killing by both CD8+ cytotoxic T cells and

NK cells (Chouaib et al., 2009; French and Tschopp, 2002; Slavin-Chiorini et al., 2004).



Figure 1.2 Methods of immune escape within the TME.
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Figure 1.2 Methods of immune escape within the TME. A schematic showing how specific
immune cell phenotypes and tumor surface expression shape immune surveillance and

determine the fate of cancers.



TLRs in innate immunity and tumor immunology
A network of APCs including macrophages, DCs and mast cells which form part of the
complex mammalian immune system, use a series of intracellular and transmembrane
pathogen recognition receptors (PRRs) that recognize foreign particles associated with
pathogens such as bacteria, virus, fungus or protozoa called pathogen associated
molecular patterns (PAMPs) and self-derived molecules that may prove dangerous and
harmful to the host called DAMPs, to enable the APCs to process and present antigens
to naive T cells in order for their activation (Janeway and Medzhitov, 2002). The activated
T cells together with the activated APCs and NK cells can then control and eliminate the
source of the antigen (Kumagai and Akira, 2010; Takeuchi and Akira, 2010). TLRs are
one of the most comprehensively studied PRRs. TLRs were first described in Drosophila
melanogaster and thought to be a protein involved in embryonic development (Hashimoto
etal., 1988). However TLRs were later observed to function in the detection and response
to fungal pathogens (Medzhitov et al., 1997). TLRs are type-l| membrane proteins found
either in the cell membrane or within endosomes. Each TLR is comprised of an
extracellular leucine-rich repeat (LRR) domain for ligand binding and detecting foreign
particles, a cysteine-rich region followed by a transmembrane domain and an intracellular
toll/interleukin-1 receptor (TIR) domain capable of protein-protein interactions for signal

transduction (Meng et al., 2003).

TLRs are located both at the cell surface and intracellularly, where they bind and are

activated by different ligands, which are found on different type of organisms and

structures as summarized in Table 1.1 (De Nardo, 2015; Savva and Roger, 2013; Vijay,
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2018b). TLRs present in the plasma membrane detect bacterial cell wall components in
the extracellular compartment. Of these membrane bound TLRs, TLR2 is known to form
heterodimers with TLR1, TLR6 and conceivably with TLR10 (which is expressed only by
humans and as yet has no defined microbial ligands) and detects triacylated or diacylated
lipopeptides, peptidoglycans, lipoglycans, lipoteichoic acid (LTA) present in the cell walls
of both Gram-positive and Gram-negative bacteria (Takeuchi et al., 2001; Takeuchi et al.,
2002), whereas TLR5 recognizes the bacterial flagellin (Hayashi et al., 2001). TLR8 and
TLR13 (mouse only) respond to viral and bacterial RNA (Oldenburg et al., 2012; Tanji et
al., 2015). The other mouse only TLRs, TLR11 and TLR12, recognize profilin (Andrade
et al., 2013). TLR4 is the only TLR that shuttles between the plasma membrane and the
endosome and with the help of MD2 and CD14 can recognize lipoglycans like LPS (Fang
etal., 2013). Endosomal TLRs (TLR3, 7, 8 and 9) recognize bacterial or viral nucleic acids
within the cytosol; TLR3 detects double-stranded ribonucleic acid (dsRNA), while TLR7
and 8 detect single-stranded ribonucleic (ssRNA) and TLR9 recognizes unmethylated
CpG deoxyribonucleic acid (DNA) and DNA:RNA hybrids. All the TLRs except TLR3
signal through myeloid differentiation primary response 88 (MyD88). TLR3 signals
through TIR domain containing adaptor inducing interferon beta (TRIF) while TLR4 can
signal through both TRIF and MyD88 (O'Neill and Bowie, 2007). Upon TLR engagement,
both MyD88 and TRIF signaling results in both nuclear factor kappa light chain enhancer
of activated B cells (NF- xB) and mitogen activated protein kinases (MAPKSs) activation
via tumor necrosis factor receptor associated factor (TRAF6) (De Nardo, 2015). Activation
leads to NF-xB dimerization and translocation into the nucleus where it binds DNA and

regulates gene expression (Figure 1.3) This process leads to the synthesis of
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inflammatory cytokines and chemokines such as tumor necrosis factor alpha (TNFa) and
IL6, central to host defense during the early stages of the inflammatory response

(Medzhitov, 2001).
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Table 1.1: TLRs, ligands, adapters, location, and cell type involved.

. o . C . Signal Immune cell
TLR Species Localization Microbial Ligands Endogenous Ligands .
P g g g adaptors expression
TLR1 Human and mouse  Plasma membrane Tri-acetylated lipopeptides coupled HSP (60, 70),HMGB1, urate MyD88 monocytes/macrophages, DC,
topeptidoglycan crystals B cells, NK cells, T cells
TLR2 Human and mouse Plasma membrane Lipoarabinomannan, lipoteichoic HSP (60, 70),HMGB1, urate MyD88 monocytes/macrophages,
acid, Zymosan, protozoa and some crystals, w-(2- mDC, mast cells, T cells
viruses carboxyethyl)pyrrole, hyaluronan
TLR3 Human and mouse  Endolysosomal Viral dsRNA, synthetic Poly I:C and mRNA, stathmin TRIF DC, B cells, y3T cells
membrane Poly A:U
TLR4 Human and mouse Plasma and LPS, fungal mannan and HSP (22, 60, 70, 72), HMGB1, TRIF, monocytes/macrophages,
endolysosomal glucuronoxylmannan, protozoa, and  fibronectin, Defensin 2, oxLDL, MyD88 mDC, B cells mast cells,
membrane some viruses Tenascin C, hyaluronan, heparan neutrophils
sulphate
TLR5 Human and mouse Plasma membrane Flagellin Unknown MyD88 monocytes/macrophages, DC,
CD4+ T cells
TLR6 Human and mouse Plasma membrane Diacyl lipopeptides, LTA, protozoa, w-(2-carboxyethyl)pyrrole MyD88 monocytes/macrophages,
and zymosan mast cells, B cells
TLR7 Human and mouse  Endolysosomal Viral and bacterial ssRNA self RNA, siRNA MyD88 monocytes/macrophages,
membrane pDC, B cells, CD4+ T cells
TLR8 Human and mouse  Endolysosomal Viral and bacterial ssRNA self RNA, siRNA MyD88 monocytes/macrophages, DC,
membrane mast cells, CD4+ T cells
TLR9 Human and mouse  Endolysosomal Viral and bacterial CpG self-DNA, HMGB1, chromatin MyD88 monocytes/macrophages,
membrane DNA,DNA:RNA hybrids pDC, B cells
TLR10 Human Plasma membrane Unknown Unknown MyD88 monocytes/macrophages, B
cells
TLR11 Mouse Plasma membrane Profilin and flagellin Unknown MyD88 monocytes/macrophages
TLR12 Mouse Plasma membrane Profilin Unknown MyD88 monocytes/macrophages, DC
TLR13 Mouse Plasma membrane Bacterial 23S ribosomal Unknown MyD88 monocytes/macrophages, DC

RNA(rRNA)
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Figure 1.3: TLR signaling pathways
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Figure 1.3: TLR signaling pathways. The TLR signaling pathway and downstream
effector molecules. Depicted are key TLR molecules, their signaling adaptors and

downstream mediators that are essential for TLR signaling and function.
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TLRs as targets in immunotherapy.
TLRs, key members of the PRRs for detecting PAMPs and DAMPs, are ubiquitously
expressed on APCs with each member designed to recognize specific conserved
epitopes in pathogens (Table 1.1). Within the TME, APCs recognize tumor damage
associated antigens, process and present them to immune cells, including T cells,
activating them and leading to an attempt at cancer elimination (Wolska et al., 2009). TLR
engagement by agonists can therefore be used to activate APCs within the TME that can

then activate T cells and NK cells and boosting antitumor immune responses.

Individual TLR targeting

After the discovery that ssRNA is detected by TLR3 (Alexopoulou et al., 2001), synthetic
agonists have been used to activate DCs, which are critical for activation of CD8+ T cells
(Datta et al., 2003), important for immune surveillance. In addition, the activated myeloid
dendritic cells (mDCs) can indirectly activate NK cells through IL12 stimulation,
demonstrating the potential of TLR3 engagement for cancer vaccines (Perrot et al., 2010).
To this end, Poly (I:C) based TLR3 agonists as adjuvants have been evaluated as cancer
treatments. These include R-2008 for prostate cancer and oligoastrocytomas and R-2009
for triple negative breast cancer, melanoma and gliomas (Goutagny et al., 2012).
Although Poly (I:C) stimulation of TLR3 can lead to tumor killing, it can also hyperactivate
the immune system, leading to chronic inflammation (Anders et al., 2005; Lang et al.,
2005). Dosage and site of delivery must therefore be carefully controlled with the use of

these TLR3 agonists.
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The biological active arm of LPS, lipid A, is known to promote antitumor activity on binding
to TLR4. Monophosphoryl lipid A (MPL A), one of the many lipid A species available has
much lower toxicity than LPS and has been evaluated as a cancer vaccine adjuvant
(Goutagny et al., 2012). Forms of MPL A in combination with immunostimulants are
therefore being evaluated in clinical trials by Merck (with Stimuvax) and GlaxoSmithKline

( with AS)4, ASO2B and AS15) (Goutagny et al., 2012).

The use of agonists targeting TLR9, which recognizes unmethylated CpG (Table 1.1) in
cancer therapy, has shown promising results in pre-clinical and early clinical studies
(Hanagata, 2017; Suek et al., 2019). TLR9 is believed to activate DCs, which release
cytokines and chemokines to stimulate NK cells and expand type 1 helper T (Th1) cells
and CD8+ T cells (Krieg, 2006). To this end various companies are running clinical trials
for multiple TLR9 agonists for cancer, including CPG 7909 (GSK, UK) (Dreno et al., 2018),
CpG-B (Pfizer, USA)(Koster et al., 2017), and CpG-28 (Oligovax, France) (Ursu et al.,

2017; Ursu et al., 2015)

Combination of toll-like receptor agonists and other cancer therapies

Combination of immunotherapy and chemotherapy

The ineffectiveness over time of many chemotherapeutics to improve life expectancy of
cancer patients has led to the need for potential combination with other cancer therapies
for better treatment outcomes. One such combination is with TLR therapies. A phase Il
clinical trial that combined the TLR3 agonist poly(A:U) with the chemotherapy drugs 5-
fluorouracil and Adriamycin showed extraordinarily enhanced patient survival (Roy et al.,

2013), prompting other TLRs and chemotherapy combinations to be tested. For example,

16



Roy et al. observed a 40% reduction in mean B16 melanoma tumor volume in comparison
to that seen with paclitaxel treatment alone when mice were treated with a combination
of paclitaxel and a TLR4 agonist using poly-lactic-co-glycolic acid (PLGA)-based
nanoparticle preparation. The results showed increase secretion of Th1 cytokines
including TNFa, IL12, interferon-gamma (IFNy) and IL13 providing evidence of Th1
immune response. An additional study evaluated the combination of the TLR7/8 agonist
R848 and a conjugate of doxorubicin and hyaluronic acid to simultaneously target
immune cells and breast cancer cells. The data showed significant inhibition of tumor
growth in 4T1 mammary carcinoma tumor-bearing mice due to the combined effect of the
TLR7/8 agonist R848 stimulating the immune system and doxorubicin blocking topo

isomerase 2 within the TME (Da Silva et al., 2016).

Combination of immunotherapy and radiotherapy

External radiotherapy is used routinely as one of the first treatment option for cancer
patients and involves the localized application of ionizing radiation beams to destroy
tumor cells (Begg et al., 2011). However, a major drawback for radiotherapy is tumor
hypoxia-associated radiation resistance and inability to control tumor metastasis (Song
et al., 2016; Vilalta et al., 2016; Zhang et al., 2015). Using hydrophobic imiquimod (R837),
a TLRY7 agonist and the water-soluble catalase (Cat), which is an enzyme that generates
O by decomposing H202, Chen and colleagues demonstrate the efficacy of combined
radiotherapy and immunotherapy. In this study oxygen species eased tumor hypoxia
while the tumor-associated antigens generated post-radiotherapy induced immunogenic

cell death in the presence of the R837 adjuvant (Chen et al., 2019).
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Natural killer cells.
NK cells are cytotoxic innate lymphoid cells that do not require prior antigen exposure to
mediate anti-viral or anti-tumor effects and serve as the first line of defense (Hermanson
et al.,, 2016; Kiessling et al., 1975), making them a critical component of the innate
immune system. NK cell make up 5 to 20% of circulating human lymphocytes (Langers
et al., 2012) and between 2 to 5% in the spleens and bone-marrows (BMs) of inbred
laboratory mice (Jiao et al., 2016). Human NK cells are classically defined as
mononuclear cells that lack expression of the T cell receptor and the signal-transducing
adaptor, CD3¢, but express the activating Fc receptor, CD16 and the neural cell adhesion
molecule CD56 (Lanier et al., 1986; Lanier et al., 1989). Human NK cells can be further
divided into populations based on expression of CD56 into CD56%™ and CD56"9"t subsets

(Melsen et al., 2016).

CD569™ NK cells are the dominant subset in peripheral blood expressing high levels of
CD16 (FcyRIIl)(Angelo et al., 2015) and represent the more mature and highly cytotoxic
phenotype (Cooper et al., 2001; Nagler et al., 1989). CD56"9" NK cells are CD16™"°" and
mediate immune responses by secreting proinflammatory cytokines including, IFN y and
TNFa, representing the less mature subset mainly found in secondary lymphoid and

peripheral tissues (Bjorkstrom et al., 2016; Carrega et al., 2014).

NK cell developmental stages.
Human NK cells develop from common lymphoid progenitor cells (CLP) cells (Kondo et
al., 1997), which express IL7 receptor-alpha (IL-7Ra, CD127) in lineage (Lin)-CD244+

cells marking the earliest step in the transition of CLPs into the lymphoid lineage. The first
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stage in the cellular differentiation process is Lin-CD34+CD33+CD244+ hematopoietic
stem cells (HSCs) differentiating into CD45RA+ lymphoid-primed multi-potential
progenitor (LMPP) cells (Figure 1.4). LMPPs then transition into CLPs with potential to
make lineage commitments into Pro-B, Pre-T, natural killer progenitor cells (NKPs), or
other innate-like lymphoid cells (ILCs) (Renoux et al., 2015). The irreversible NK cell
lineage commitment by CLPs is marked by the expression of CD122 (IL2RB) with
expression of CD56 indicating the final transition of immature NK into mature NK cells.

(Figure 1.4).
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Figure 1.4: Development of human NK cells.
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Figure 1.4: Development of human NK cells. Human NK cells develop from Lin"CD34*
HSCs that differentiate into CD45RA+ LMPP also expressing CD38, CD7, and CD127.
LMPPs then transition into common lymphoid progenitors with the potential to make
lineage committed switching into Pro-B, Pre-T, NKPs, or other innate and ILCs.

Expression of CD122 (IL-2RB) locks CLPs into an NK lineage.
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NK cell receptors and NK cell education.
NK cell function is regulated by two types of receptors: activation receptors which induce
cell maturation, maintain survival and function and inhibitory receptors which suppress
NK cells activity upon their interaction with the HLA class |. The recognition of target cells
with low expression of HLA class | ligands by inhibitory receptors including the killer cell
Ig-like receptors (KIR) and CD94/NKG2A is termed “the missing self” phenomenon
(Boudreau and Hsu, 2018b) and is central to NK cell education. NK cell education
represents a range of NK cell activation and inhibition determined by interactions with
HLA molecules. Educated NK cells have high HLA binding voracity and are therefore the
most sensitivity for inhibition by ‘self HLA class | molecules while uneducated NK cells
do not bind “self” HLA molecules, leading to weak ‘missing self’ capabilities and are
insensitive to “self” inhibition. NK education thus determines the extent of NK
reactivity(Boudreau and Hsu, 2018b). Cells with decreased expression of HLA class | are
consequently susceptible to NK cell kiling due to failed engagement of inhibitory
receptors by HLA class | ligands. The function of NK cells is therefore controlled by the
balance between inhibitory and the stimulatory receptor signaling with Inhibitory receptors
signals modulating the intensity of NK cell activation and function by the stimulatory
receptors. Natural killer receptors (NCR) and CD16 are examples of activation receptors.
Table 1.2 summarizes the activating and inhibitory NK cell receptors in humans and their
corresponding ligand (Boudreau and Hsu, 2018b; Handgretinger et al., 2016; Malmberg

et al., 2008).
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Table 1.2: Overview of a selection of activating and inhibitory NK cell receptors in

humans and their corresponding ligands.

Receptor Ligand Type of receptor
CD16 Fc of antibodies Activating
CcD7 SECTM-1, Galectin Activating
2B4 CD48 Activating
DNAM-1 CD112, CD155 Activating
NKp80 AICL Activating
CD96 CD155, CD111 Activating
TIGIT CD122, CD113, CD155 Inhibitory
CRTAM TSLC1 Activating
CcD2 LFA-3 Activating
ez MIOAMICE, UBR ULE 2 ieP
CD94/NKG2C HLA-E Activating
CD94/NKG2E/H HAL-E, Qa-1b Activating
NKp46 Viral hemagglutinin Activating
NKp44 Viral hemagglutinin Activating
NKp30 B7h6, HCMV-pp65 Activating
KIR2DS1 HLA-C Activating
KIR2DS2 HLA-C Activating
KIR2DS3 HLA-C Activating
KIR2DS4 HLA-C Activating
KIR2DS5 unknown Activating
KIR3DS1 HLA-B Activating
KIR2DL4 HLA-G Activating
KIR2DL5 unknown Activating
LFA-1 ICAM-1-5 Activating

NKR-P1 Ocil/Clr-b Activating/inhibitory
CD94/NKG2A/B HLA-E Inhibitory
NKR-P1A LLT1 Inhibitory
KLRG1 E/N/P-cadherin Inhibitory
Siglec-7 Sialic acid Inhibitory
Siglec-9 Sialic acid Inhibitory
KIR2DL1 HLA-C Inhibitory
KIR2DL2 HLA-C Inhibitory
KIR2DL3 HLA-C Inhibitory
KIR3DL1 HAL-B Inhibitory
KIR3DL2 HLA-A Inhibitory
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IL15 signaling in NK cells.
IL15 is part of a group of cytokines that signal through the IL2 common yc chain (CD132),
a 40 kDa type | transmembrane glycoprotein. Other members of the group include IL2,
IL4, IL7, IL9 and IL21 (Wang et al., 2009). The expression of IL15 is very low under
homeostatic conditions but is upregulated following inflammation. IL15 is found in three
different forms: soluble IL15, membrane-bound IL15, both of which are limited biologically
activity and are rarely detected in-vivo, and IL15 complexed with IL15Ra which is the
most biologically active (Rautela and Huntington, 2017). Unlike other members of the IL2
receptor gamma chain, IL15 is trans-presented to IL15R B/y on NK cells by IL15Ra
expressing cells in order to confer its full potency (Mortier et al., 2008) (Figure 1.4). A
conformational change following IL15 trans-presentation to the IL15R B/y complex results
in the phosphorylation and activation of receptor-associated janus kinase 1 (JAK1) and
JAKS3, and the subsequent tyrosine phosphorylation of IL15R B/y itself (Wang et al., 2009).
The phospho-tyrosine residues then provide binding sites for signal transduction and
activator of transcription 5 (STAT5) molecules which are in turn phosphorylated. The
phosphor-STAT5 molecules form dimers and/or tetramers and translocate to the nucleus
where they induce target gene expression (Imada and Leonard, 2000) including Mcl1
which is continuously required for maintaining the survival of NK cells. Additional
biological responses including priming/activation, increased expression of effector
molecules (IFN vy, perforin, granzymes), proliferation and differentiation (Holmes et al.,
2014) occur with intensifying IL15 signaling such that IL15 levels in vivo both qualitatively

and quantitative tune NK cell responses (Margais et al., 2014).
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Figure 1.4: IL15 requires trans-presentation for functional signaling.
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Figure 1.4: IL15 requires trans-presentation for functional signaling. IL15 requires
trans-presentation by membrane bound IL15Ra in contrast with the other members of the
IL2 R common gamma family of cytokines such as IL2 that binds receptors on the surface

of cells to for signaling,
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NK cells in immunotherapy

Tumor escape from NK cell immune-surveillance.

NK cells are a major effector population in anti-cancer immunity. However, tumors have
evolved many strategies to either impair NK cell-mediated kiling or evade NK cell
detection with NK cell dysfunction reported in both solid and hematological cancers (Maki
et al., 2008; Paul et al., 2016a; Polakova et al., 2009; Reiners et al., 2013; Sun et al.,
2015). Tumors upregulate the expression of ligands that bind NK cell inhibitory receptors
including HLA-G, a ligand for killer cell immunoglobulin-like receptor 2DL4 (KIR2DL4),
immunoglobulin-like transcript 2 (ILT2) and ILT4, which inhibits the proliferation and
cytotoxicity of NK cells and reduces the production of IFNy and TNFa through
engagement with ILT2 specifically (Wan et al., 2017). Upregulation of HLA-G thus
enables tumors evade NK cell-mediated cytotoxicity (Ibrahim et al., 2001). Tumors also
upregulate production of soluble IL2Ra, which binds IL2 needed for NK cell proliferation

and activation, and impairs NK activity (Chiu et al., 2018)

The immune suppressive environment created within the TME also contributes to evasion
of NK cells by tumors. Tumor cells secrete immunosuppressive factors such as TGFp,
IL10, Indoleamine 2,3-dioxygenase (IDO), and Prostaglandin E2 (PGEZ2), which suppress
NK cell anti-tumor activity (Baginska et al., 2013; Balsamo et al., 2009; Pietra et al., 2012).
In addition, TME immune suppressive cells including Tregs, MDSCs, and TAMs also
secrete IL10 and TGF impairing intra-tumoral NK cells (Cekic et al., 2014; Li et al., 2009).
Cells within TME including the tumor cells, APCs, and stromal cells can also express high

levels of PD-L1, that binds to PD-1 expressed on NK cells, leading to NK cell dysfunction
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and exhaustion (Bi and Tu, 2017; Sun et al., 2015; Zhang et al., 2016). The exhausted
NK cells are characterized by decreased expression of activating receptors CD16,
NKG2D and CD226, upregulated inhibitory receptors including natural killer group G2A
(NKG2A), T cell immunoreceptor with Ig and ITIM domains (TIGIT), and T cell
immunoglobulin and mucin-domain containing-3 (Tim-3), and low secretion of IFNy and
TNFa (Bi and Tu, 2017; Krneta et al., 2015; Paul et al., 2016b). To improve NK cell
mediated anti-tumor immunotherapy, there is a need to design strategies that overcome

NK cell immune evasion by tumors, specifically within immune suppressive TME

NK cell-based immunotherapies.

Autologous or allogeneic NK cells.

The first attempts at using adoptively transferred human NK cells to treat tumors used IL2
activated autologous NK cells obtained from PB (Sakamoto et al., 2015) since mouse
models showed reduced tumor growth and metastasis after transfer of mouse NK cells
(Rosenberg, 1984). This approach had limited success in humans due to expression of
self-HLA molecules on the tumor cells interacting with KIRs on the autologous NK cells,
resulting in their suppression (Sakamoto et al., 2015). Allogeneic NK cells with KIR-HLA
mismatch to the tumor were therefore adopted to overcome the observed suppression
(Ruggeri et al., 2002). Although multiple clinical trials have indicated that allogeneic NK
cell adoptive transfer does not induce graft versus host disease (GVHD), cytokine release
syndrome (CRS), or neurotoxicity (Bachanova et al., 2010; Bachanova et al., 2018;
Ishikawa et al., 2018; Shaffer et al., 2016), the therapeutic benefits vary immensely

between different cancers with objective clinical responses from 25% to 100% for
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hematologic malignancies, like refractory non-Hodgkin’s lymphoma (NHL),
myelodysplastic syndromes, and acute myeloid leukemia (AML) (Bjorklund et al., 2018).
The variable therapeutic benefits observed in clinical trials were associated with reduced
NK cell lifespan in vivo and the increased in Tregs associated with IL2 administration (to
promote in-vivo NK cell activation) boosting the immune regulatory environment of the
cancers in some cases (Adotevi et al., 2018). Two clinical trials have used IL2-diptheria
fusion proteins to deplete Tregs and showed improved rates of disease remission, with

improved NK cell survival and expansion (Bachanova et al., 2014).

In addition to peripheral blood (PB) derived NK cells, UCB and iPSCs are also being used
as sources of functional NK cells. Umbilical cord blood (UCB) and induced pluripotent
stem cells (iPSCs) have added advantages including a wide range of source materials
and ease of clinical grade expansion. Evaluation of antitumor activity of UCB- or iPSC-
derived NK cells however showed poorer or similar anti-tumor functions compared with
PB derived NK cells (Hermanson et al., 2016; Herrera et al., 2017; Knorr et al., 2013;
Veluchamy et al., 2017b; Xing et al., 2010). Also, UCB- and iPSC-derived NK cells
expressed low levels of KIRs compared to PB-derived NK cells, raising the concerns
about NK cell education; the process whereby NK cells acquire effector functions while
remaining tolerant to self-HLA (Boudreau and Hsu, 2018a; Boudreau and Hsu, 2018b;
He and Tian, 2016). Educated NK cells usually have lower thresholds for activation or
inhibitory signaling, while uneducated NK cells have reduced responses to activation or
inhibition. Interestingly, a recent study showed that uneducated NK cells isolated from
UCB had superior cytotoxicity against HLA-expressing cervical tumor cell lines compared

with educated NK cells from peripheral blood mononuclear cells (PBMCs) (Veluchamy et
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al., 2017a). It therefore remains to be answered whether NK cell education is essential

for immunotherapy against cancers.

NK cell-line-based tumor immunotherapy

Established NK cell lines are an additional source of NK cells for immunotherapy (Tonn
et al., 2001). NK cell lines are easily expanded under GMP conditions compared with
allogeneic, iPSC or UCB-derived NK cells, leading to lower treatment costs. In addition,
NK cell lines can be efficiently manipulated with viral or non-viral vectors to enhance their
targeting, homing, and killing activity (Tonn et al., 2001). Of the several established NK
cell lines, NK-92 cells display a robust and broad cytotoxicity against malignant cells, and
are the only cell line currently approved for clinical trials by the FDA (Tonn et al., 2013).
The effectiveness of NK-92 cell adoptive transfer has been evaluated in melanoma,
sarcoma, colorectal cancer, renal carcinoma, lung cancer, and AML patients with
improved clinical outcomes observed in lung cancer and renal cell cancer patients (Arai
et al., 2008; Tonn et al., 2013). One of the drawbacks for the use of NK-92 cells is their
limited persistence in-vivo, even with repeated transfusions. As NK-92 cells were derived
from an NHL patient (Gong et al., 1994), the cells must be irradiated to abolish their
proliferative ability before transfer which severely impairs their survival in-vivo, becoming
undetectable in circulation within a few days after transfer (Tonn et al., 2013). More
frequent cell transfusions are an easy approach to improve the persistence, but this
approach raises the concern of evoking a humoral immune response against the HLA

antigens expressed on the NK-92 cells.
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CAR-NK cells for tumor immunotherapy

Chimeric antigen receptor (CAR)-T cells are an exciting alternative for treating cancer in
an antigen-specific manner. CAR-T cells consist of an antigen-binding fragment fused to
the TCR signaling components to generate a potent antigen-specific T cell response upon
ligand binding (Grigor et al., 2019). CAR-T cell therapies have shown success in the
treatment of relapsed NHL, relapsed B-ALL however, considerable drawbacks such as
CRS, and neurotoxicity limits wider use of CAR-T cell therapy in clinic (Grigor et al., 2019;
Srivastava and Riddell, 2018; Xu and Tang, 2014). In addition, the personalized approach
to generate CAR-T cells to avoid GVHD makes this therapy time consuming and costly.
CAR-NK cells have a number of advantages over CAR-T cells including allogeneic CAR-
NK cells have a low probability of triggering GVHD upon transfusion (Ruggeri et al., 2002).
In addition, NK cells do not secrete IL1 and IL6, which are the main cytokines responsible
for initiating CRS (Xu and Tang, 2014) and lastly, CAR-NK cells retain their natural
receptors, such as natural killer progenitor 46 (NKp46), NKp30, NKp44, NKG2D, and
CD226, which recognize stress-induced ligands independent of CARs reducing the
likelihood of relapses due to loss of the CAR-targeting antigen like that reported for CAR-
T cell therapy (Lee et al., 2015). Preliminary data from CD19-CAR engineered human NK
cells showed persistence and antitumor control activity against murine or human CD19*
leukemia in mice and humanized mice (Liu et al., 2017). Another study using NK-CAR-
iPSC cells in vivo showed efficient control of CD19* leukemia progression in humanized
mouse models similar to that observed with CAR T cells in patients, although with reduced

toxicity due to CRS (Li et al., 2018b).
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Development of humanized mice
Due to ethical and logistical constraints, biomedical research has relied on animal models
especially mice and rats. However aspects of the rodent biological systems are dissimilar
to humans one of which is the immune system (Lux and Nimmerjahn, 2013; Mestas and
Hughes, 2004). Efforts to account for differences in the immune systems have culminated
in the development of the humanized mouse models.
The ability to engraft mice with human immune system depends heavily on the mouse

strain used which needs to be immunodeficient to permit human cell engraftment .

Immunodeficient mice used in humanized mice generation.
In the quest to develop immunodeficient mice to allow efficient recapitulation of human
immune system in mice, three major advances have propagated the field. The first was
the discovery of the Prkdcs¢® mutation in CB17 mice (Bosma et al., 1983), which enabled
engraftment of human immune cells including human PBMCs, fetal hematopoietic tissues
and HSCs (Bristol et al., 1997; Lapidot et al., 1992; McCune et al., 1988; Mosier et al.,
1988). The severe combined immunodeficiency (scid) mutation in the Prkdc gene, which
encodes the catalytic subunit of the DNA-dependent protein kinase, led to defects in DNA
repair, preventing recombination events in T cell and B cell receptors during their
development and essentially leading to the loss of adaptive immunity (Blunt et al., 1996).
Engraftment of human immune cells within the CB17-scid mice was however very low
and the engrafted cells were dysfunctional, an observation that was attributed to
spontaneous generation of low levels of mouse T and B cells as the mice aged along with
high levels of mouse NK cells and other innate cell immune activity, which limited the

engraftment of human immune cells (Greiner et al., 1998). An attempt to overcome these
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limitations led to the targeted mutation of the recombination-activating gene 1 (Rag1) and
Rag?2 loci which prevented the development of mature T and B cells. However the Rag1
and Rag2 mutated mice retained high NK cells and therefore still had limited

reconstitution of human immune cells (Mombaerts et al., 1992; Shinkai et al., 1992).

In the mid-1990s, the next major advancement came in the form of NOD-scid mice. These
mice, which were generated by crossing the scid mutation onto the NOD mouse stain,
allowed for improved levels of human immune cell engraftment (Hesselton et al., 1995).
NOD-scid mice also showed lower mouse NK cell activity than the CB17-scid mice (Shultz
et al., 1995). Additionally, non-obese diabetic (NOD) -scid mice also have a polymorphism
in signal regulatory protein alpha (Sirpa) that is very similar to that of humans. When the
SIRP-a protein (expressed by myeloid lineage cells including macrophages and DCs
(Barclay and Brown, 2006)) binds to CD47 (expressed on most hematopoietic as well as
non-hematopoietic cells), the interaction provides a “do not eat me” signal to the
macrophage (Barclay and Brown, 2006; Takizawa and Manz, 2007). The similar
polymorphism thus provides a “do not eat me” signal from the engrafting human immune
system to the mouse macrophages. The NOD mouse also has additional genetic
variations including defects in macrophage cytokine production, NK cell function and C5
complement component, which in NOD-scid mice enabled higher engraftment levels of
human PBMC (Hesselton et al., 1995) and HSC (Pflumio et al., 1996) compared to the
CB17-scid mice. The NOD-scid mouse still had significant limitations including a
shortened life span due to the development of thymic lymphomas (Chiu et al., 2002) and

residual mouse NK cells.
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The last major advance and perhaps one of the most important events in the timeline for
humanized mouse generation came in the early 2000s. This was the targeted mutation in
the interleukin-2-receptor y-chain (/L2rg) locus (also known as yc and CD132) (Cao et
al., 1995; DiSanto et al., 1995; Jacobs et al., 1999; Ohbo et al., 1996). The IL2r y-chain
is a central component in the high-affinity signaling receptors for IL2, IL4, IL7, IL9, IL15,
and IL21 (Sugamura et al., 1996). The loss of the IL2r y-chain therefore causes severe
deficiencies in T and B cell development and function, and completely impairs NK cell
development (Cao et al., 1995; DiSanto et al., 1995; Ohbo et al., 1996). These mice
supported drastically increased engraftment of human tissue, HSCs and PBMCs when
crossed onto NOD-Prkdcs®® and the Rag71™! and Rag2™! strains (Ishikawa et al., 2005),
the NOD.Shi.Cg-Prkdcs® strain (lto et al., 2002), NOD.Cg-Rag1'Me strain (Pearson et
al., 2008b), and the C;129S4-Rag2!™wa! BALB/c.Rag2”’ strains (Traggiai et al., 2004).
Based on these three major breakthroughs, multiple strains of immunodeficient mice have
been developed that support high engraftment of human immune systems from CD34+
HSCs. Table 1.3 provides an overview of available strains of immunodeficient IL2r y™/

mice.
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Table 1.3: Immunodeficient mouse strains that support high levels of engraftment with human hematopoietic and immune

cells (adopted and modified from (Shultz et al., 2019a))

Strain and Source

Abbreviation

Characteristics

Charles River www.criver.com

NOD-Prkdcem26cd52 ]| 2rgem26cd22/NjuCrl
Taconic (www.taconic.com)

NOD.Cg-Prkdcs®lI2rg'™*S49/JicTac
NOD.Cg-Prkdcse@12rg'™'Su9Tg(CMV-IL2)4-2Jic//JicTac

NOD.Cg-Prkdcsl12rg'™Su9Tg(Alb-Tk)7-2/Shidic

NOD.Cg-Prkdcs@l12rg'™ ST g(CMV-IL2/IL15)1Jic/JicTac

NOD.Cg-Prkdcsl12rg'™S49 Tg(CMV-IL6)1-1Jic /JicTac

NOD.Cg-Prkdcs°dlI2rgi™S49Tg(SV40/HTLV-IL3,CSF2)10-
7Jic/JicTac

The Jackson Laboratory (JAX) (www.jax.org)

NODCg'PrdeSC’dI/2rgtm1VV]I/J
NOD.Cg_Rag1tm1MomI/2rgtm1Wj//SZ

NCG

NOG
NOG-hulL2

TK-NOG

NOG-hulL15

NOG-hulL6

huNOG-EXL

NSG
NRG

Lack mature murine T cells, B cells and NK cells, radiosensitive

Lack mature murine T cells, B cells and NK cells, radiosensitive

Expresses hu IL2 driven by CMV promoter
Improve human NK cell engraftment

Transgenic expression of thymidine kinase under control of the
albumin promoter. Supports human hepatocyte engraftment

Transgenic expression of hu IL15 under control of the CMV
promoter.

Supports human NK cell development

Transgenic expression of hu IL6 driven by the CMV promoter
Enhanced human monocyte development following HSC
engraftment

Transgenic expression of hu GM-CSF and IL3 driven by SV40
promoter

Supports human enhanced monocyte development following
HSC engraftment

Lack mature murine T cells, B cells and NK cells, radiosensitive
Lack mature murine T cells, B cells, or NK cells
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NOD.Cg-B2m'™mYnc pPridcse |12rgt™™l/SzJ

NOD.Cg-B2m™Ur¢ Prkdcse@ I12rg!™ i Hprt-"M3/Esh/J
NOD.Cg-B2m™Ync Prkdcse |12rg™ ™I Hprt-E™1/Mvw/J
NOD.Cg-Prkdcsedl[2rgt™ "W Tg(CMV-IL3,CSF2,KIL)1Eav/MloySzJ

NOD.Cg-Prkdc>“l|2rg"WIH2- Ab1™mPoT9(HL A-DRB1)31Dmz/Sz

NOD.Cg-Prkdc™d H2Ab1m16m [j2rgmWiTg(HLA-DQA1,HLA-
DQB1)1Dv/SzJ)

NOD.Cg-Prkdc>“li2rg™ Tg (PGK-1 KITL*220)441Daw/SzJ

NOD.Cg-Prkdc>“l|2rg "W/ Tg(CAG-EGFP 100/Sb/Sz

NOD.Cg-Rag1m™om ||2rgimWiITg(CMV-
IL3,CSF2,KITL)1Eav/MloySzJ

NOD.Cg-Prkdcse@lL 2rg™"WIKit"V-4'Tyr* [ThomJ
NOD.Cg-Rag1mMomijtV-41J| 1 2rgtm Wi/ Eay.J

NOD.Cg- Foxn1°mPvs Prkdcsc@l|2rgi™ i/ J

NOD.Cg-Prkdcsed
112rg™™WITg(CSF2)2YgyTg(IL3)1YgyTg(KitL)3Ygy/YgyJGckRolyJ

NOD-Cg-Tg(HLADRA 0101,HLADRB-
10101DmzPrkdcs°IL 2rg™"™W/Gck/RolyJ

NODCg Hgf tm1.11 (Hgf)AveoPrdescid IL2rgtm1le/J
NOD.Cg-Rag1'tmMom|ngAkita /S 7.

NSG-B2Mn!
NSG-Hprtn!
NSG-Hprtn!
NSG-SGM3

NSG-Ab° DR4

NSG-AB0O™'DQ8

NSG-Hu mbSCF

NSG-EGFP

NRG-SGM3

NBSGW
NRG-W41
NSG-nude
NSG-porcine
cytokine

NSG-DR1

NSG-huHGFKi
NRG-Akita

Absence of MHC class |
Relatively resistant to GVHD

Lack of Hypoxanthine ribosyl transferase
Permissive for xenograft/human tumor growth

Lack of Hypoxanthine ribosyl transferase
Permissive for xenograft/human tumor growth

Transgenic expression of hu IL3, GM-CSF and CSF (KitL)
Enhanced myeloid and regulatory T cell engraftment

Transgenic expression of human HLA-DR4 allele in the absence
of mouse MHC class |l

Useful for CD4 T cell targeted transplantation studies with the
absence of GVHD

Transgenic expression of human HLA-DQS8 allele in the absence
of mouse MHC class |l

Transgenic expression of human membrane-bound human SCF
(KitL)

Supports enhanced human HSC and mast cell engraftment
Widespread EGFP expression

Allows for visualization of mouse host stromal cells to
differentiate from human tumor stromal cells

Transgenic expression of human SCF (KitL), GM-CSF, IL3
Enhanced myeloid, AML and regulatory T cell engraftment

Supports human HSC engraftment without irradiation
Supports human HSC engraftment without irradiation
Athymic

Transgenic expression of porcine G-CSG and SCF (Kit)
Supports porcine cytokine engraftment

Transgenic expression of chimeric human MHC class Il DR1
transgene

Knock in of human Hepatocyte growth factor
Spontaneously diabetic
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NOD.Cg-Prkdc>“l|2rg"WITg(HLA/H-2D/B2M)1Dvs/Sz

NOD.Cg-Rag1mMom|| 2rgimWiTg(HLA-DRA,HLA-DRB1*0401)39-
2Kito/ScasJ

NOD.Cg-Rag1imMom||2rgtm1Wil Fah EmIMmw A ywJ

NOD_Cg_Prdescid H2Ap 7tm1Doi I/2rgtm1le/Sz /SzJ
NOD_Cg_Prdescid H2K1tmiBpe 2 1tmiBpe
I/2rgtm1le/Sz /SzJ

NOD.Cg-Prkdcseid H2Ab1em ™MW H2K {imiBpe. 2D 1tmiBpe | 2rgtmT Wiz
1Sz

NOD.Cg- B2m ™1Unc Prkdcs© H2dIAb1Ea I12rg™™i"sz Sz
NOD.Cg-Rag1™™em Fanca®™ Dvs IL2rg"™"/Sz

NOD.CgTg(CD68-EGFP)1Drg-Prkdcs II2rgt™Wi}J
NOD.Cg-Prkdcscd Cd274imschr||2rgtm1Wirsz |Sz
NOD.Cg-Prkdcscidll2rgtm1WjTg(Ins2-HEBGF)6832Ugfm/Sz

NOD.Cg-Prkdcs 112rg"™"ITg(CSF1)3Sz/Sz

NOD.Cg-Rag1imMempysfrmd || 2rgtmTWiMcalJ

NOD.CgGcg®™'Pvs Prkdcse@li2rg™"i/DvsJ
NOD.Cg-Prkdcs 112rg'™"ITg(SERPIN A1*E342K)#Slcw/SzJ

NOD.Cg-Rag1!m"™MomDmdm-4Cv || 2rgtm WiNMcalJ

NOD_Cg_Rag1tm1MomSgcatm1Kcam I/2rgtm1le

NSG-HLA-
A2/HHD

NRG-DR4 (DRAG)

NRG-FAH KO

NSG-IA KO
NSG (K*DP) Ko

NSG-(K°D)™IA

nulli

NSG-B2m"u|A
|E)null

ARGN Fanconi’'s
anemia
NSG-CD68-eGFP

NSG-PDL1 KO
NSG-RIP-DTR

NSG-huCSF1

NRG-BiaJ

NSG-Geg KO
NSG-PiZ

NRG-Mdx KO

NSG-Sgca KO

Transgenic expression of HLA-A2 heavy and light chains
Supports development of HLA-A2-restricted T cells

Transgenic expression of chimeric HLA-DR4

Knockout of fumarylacetoacetate hydrolase (Fah) gene
Supports human hepatocyte engraftment

Lack of mouse MHC class Il
Lack of mouse MHC class |

Lack of mouse MHC class | and Il

Lack of mouse MHC class | and class |l
May show enhanced HSC engraftment

Mouse monocytes/macrophages express eGFP
Knockout of programmed death ligand (Pdl1) gene

Supports depletion of mouse beta cells following low done
injection of Diphtheria toxin

Supports heightened human macrophage development following
human HSC engraftment

Spontaneous progressive muscular dystrophy (Prmd) mutation
Mice develop limb girdle muscular dystrophy 2D

Preproglucanon null allele
Supports human islet alpha cell engraftment

Transgenic expression of the mutant SERPIN A1 mutation
Supports engraftment with human hepatocytes

Enu-induced mutation at Duchenne muscular dystrophy (Dmd)
locus

Model for autosomal recessive limb girdle muscular dystrophy
2D
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NOD.CgHc' Prkdcsel2rgtm Wi

NOD.Cg-Rag1™™Mom || 2rgfmWITg(SLC10A1)15Mvw/Mvwd
NOD.Cg-Prkdcsd CybbemHmal ||2rgtm1Wii{HmalJ
NOD.Cg-Prkdc*“IL 2rg'™Tg(IL15)SzSzJ

NOD.Cg-Prkdcd H2Ab 1100 || 2rgtmIWiTg(H2-Ea-
HLADRB1*0401)1Dv/SvJ

NOD.Cg-Prkdc>“ lI12rg"™"™Tg(HLA-DRA,HLA-DRB1*0401)39-
2Kito/SzJ

C:129S4-Rag2m"-1F|L 2rgm FTg(SIRPA)1Fv
C:12984-Rag2!™!-Mij|2rgtm1-V/J
C;129S4-Rag2im1ivCsf1im1(CSFIFI || ppgim1.Fiv/ 4
B6.129S-Rag2imFwaCD47tmFP!lL 2rgtmWi/J
B6.129S-Rag 1imMomCd47m1Frl| 2rgtmWil/J

Individual Laboratories (Examples)

C;129S4-Rag2tm1.1Flv Csf1tm1(CSF1)Flv
Csf2/113tm1.1(CSF2,IL3)Flv Thpotm1.1(TPO)FIv li2rgtm1.1Flv
Tg(SIRPA)1FIV/J

C.CgRag2tm1FwalL2rgTm1Sug

C57BL/6 NOD Sirpa

NSG-Hc'

NRGhNTCP/BAC

NSG-Cybb Ko
NSG-huL15

NSG-Ab°DR4

NSG-DR4

BRGS

BRG
BRG,M-CSF Ki
B6 Triple KO

BRAGG47

MISTRG

BRG

BRGS (on a
C57BL/6 strain
background)

Complement-sufficient NSG strain

Supports determination of hemolytic complement-dependent
activity

Lack of T, B, and NK cells

Expresses human solute carrier family10 (SLC10A1) sequence

Defective phagocyte function
Model for X-liked chronic granulomatous disease

Transgenic expression of human IL15
Supports NK development following human HSC engraftment

Selective transgenic expression of HLA-DR4 in the absence of
mouse MHC class |l

Enables engraftment with HLA-DR-matched HSC

Transgenic expression of HLA-DR4

Enables engraftment with HLA-DR-matched HSC

Human Sirpa BAC transgene
Improved human HSC engraftment with increased lifespan

BALB/c background Rag2 Il2rg KO
Lack mature murine T cells, B cells and NK cells

BALB/c background, RagZ2 lI2rg KO CSF-1 Kl
Improved human monocyte/macrophages engraftment

Triple Ko of Rag2, CD47, and IL2rg on B6 background,
Supports human HSC engraftment, resistant to GVHD

Triple Ko of Rag1, CD47, and IL2rg on B6 background
Supports human HSC engraftment, resistant to GVHD

Hu knock-in MCSF,IL-3,GM-CSF,IL3,GM-CSF,TPO,hu SIRP
alpha BAC transgene (Rongvaux et al., 2014)
Improved human myeloid cell engraftment

BALB/c background Rag2 l12rg KO (Traggiai et al., 2004)

B6 background, NOD Sirpa transgene (Yamauchi et al., 2013)
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BRG NOD Sirpa

hSIRPA Rag2-/-112rg—/-

hSIRPA hIL15 Rag2—-/-112rg—/-

BRGS (on a
BALB/c
background)

SRG (on a BALB/c
background)

SRG-15 (on a
BALB/c
background)

NOD Sirpa transgene backcrossed to BALB/c background
(Legrand et al., 2011)

Human Sirpa knock-in backcrossed to BALB/c background
Rag2 l12rg KO (Strowig et al., 2011)

Human Sirpa and IL15 knock-in backcrossed to BALB/c
background Rag?2 112rg KO (Herndler-Brandstetter et al., 2017)
Improved human NK cell development
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Models of human immune system engrafted mice
Based on the two main types of human immune cells that are engrafted into
immunodeficient mice namely PBMCs or HSCs, three forms of humanized mouse models
can be generated; the human peripheral blood lymphocyte SCID (Hu-PBL-SCID), the
human scid-repopulating cells SCID (Hu-SRC-SCID) and the BLT mice (Figure 1.5),

each with their own advantages and limitations (Table 1.4).
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Figure 1.5: Schematic for generating humanized mice.

BLT () Hu-PBL-SCID
(Liver and thymic tissue (g ‘e (PBL injected i.p. ori.v.)
implanted under
renal capsule)

‘ Hu-SRC-SCID
(UCB HSC injected i.v.)

»
_—

BLT
(Liver HSC injected i.v.)

— e

Figure 1.5: Schematic for generating humanized mice. With the Hu-PBL-SCID model,

PBMCs are engrafted by intravenous (i.v.) or intraperitoneal (i.p.) injection to an adult
immunodeficient mouse. However, with the Hu-SRC-SCID model, CD34* HSCs derived
from mobilized peripheral blood stem cells, bone marrow, fetal liver or umbilical cord
blood are injected into irradiated neonatal or adult immunodeficient mice via i.v. or route
or directly into the bone marrow (BM) cavity (not shown). The BLT model on the other
hand require fetal liver and thymus fragments which are implanted under the renal
capsule in irradiated adult immunodeficient mice in addition to CD34* HSC derived from

the same fetal liver are injected i.v..
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Hu-PBL-SCID model

The simplest and most economic method for establishing a humanized immune system
in an immunodeficient mouse is the injection of human PBMCs, known as the Hu-PBL-
SCID mouse model (Mosier et al., 1988). The model has been used widely to study
human immune responses in immune-oncology, autoimmunity, infectious diseases and
transplantation tolerance (lto et al., 2019; Kenney et al., 2016; Walsh et al., 2017). In this
model, CD3+ T cells are the predominant human immune cell population that engrafts
and remains functional with very rapid human cell reconstitution observed (lto et al., 2009;

King et al., 2009).

One of the major limitations of the Hu-PBL-SCID model is the development of lethal
xenogeneic GVHD due to rapidly expanding xeno-reactive human T cells that are
directed against murine MHC | and Il (Shultz et al., 2012). Generation of immunodeficient
strains lacking mouse MHC | and Il are helping overcome this major limitation (Brehm et
al., 2018). With these new stains, the Hu-PBL-SCID model can be used to study mature

human T cell function in humanized mice without of the effects of GVHD.

Hu-SRC-SCID model

Human hematopoietic stem cells were first engrafted into CB17-scid mice and termed
SCID repopulating cells or SRC, generating the Hu-SRC-SCID mouse model (Lapidot et
al., 1992). The repopulating cells were later identified to be CD34+ HSCs. Human CD34+
cells can be obtained from multiple sources including UCB, granulocyte colony stimulating
factor (G-CSF)-mobilized HSCs, bone marrow, or fetal liver with the success and

efficiency of engraftment affected by the source of the CD34+ HSC and the age, strain
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and sex of the mice used. The highest engraftment efficiency is observed when using
fetal liver or cord blood CD34+ cells, (reviewed in (Brehm et al., 2016)) with newborn or
up to 4 week old mice showing accelerated T cell development compared with adult mice
(Brehm et al., 2010b). The Hu-SRC-SCID model support the generation of all human
hematopoietic lineages T cells, B cells, NK cells, myeloid cells, and precursors for red
blood cells (RBCs). However, not all lineages are functionally developed. For example
due to the need for human-specific factors, myeloid cell development is lackluster
(Theocharides et al., 2016). Also, circulating human RBCs, and platelets are minimally
present, most likely due their rapid removal by murine macrophages (Hu and Yang, 2012;
Suzuki et al., 2007; Willinger et al., 2011). Likewise most of the human B cells generated
in Hu-SRC-SCID mice are immature CD5+ B cells unable to undergo efficient class
switching (Brehm et al., 2016), as the process of B cell differentiation is blocked at the
transition phase, causing the accumulation of B cell precursors (Rossi et al., 2001;
Watanabe et al., 2009). Lastly, the human T cells are educated on the murine MHC
(Watanabe et al., 2009) limiting physiological interactions between the generated human

T cells and HLA-expressing human APCs.

BLT model

To generate the BLT mouse model, fetal liver and thymic fragments of 16-22 week
gestational age are implanted into the sub-renal capsular space of the immunodeficient
mice. The thymic and liver bearing recipient mice are then injected i.v. with CD34+ HSC
isolated from the autologous fetal liver tissue (Lan et al., 2006; Melkus et al., 2006). The
transplanted thymic fragment develops into an organoid that supports HLA-restricted T

cell development with the generation of a robust peripheral human immune system
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including human mucosal immune systems (Denton et al., 2012; Kalscheuer et al., 2012).
The BLT model however, eventually suffers from a wasting GVHD-like disease (Covassin
et al., 2013; Greenblatt et al., 2012; Lockridge et al., 2013). While these three models of
humanized mice have revolutionized the study of human immune systems under multiple
contexts including immuno-oncology, there are continued efforts underway to further
improve the models. These include introducing immunodeficient strains expressing
human factors important for improved, complete and robust engraftment of multiple
immune cell subsets including RBCs and platelets, and strains with reduced or non-
existent xeno-GVHD upon humanization. Table 1.4 lists some of the limitations of the 3

main types of humanized mouse models.
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Table 1.4: Advantages and Limitations of the approaches to establishing humanized mouse models

Common

Humanized mouse model ‘. Advantages Limitations
abbreviation
Human PBL-engrafted SCID Hu-PBL-SCID  Easy to establish * Predominantly T cells engraft; B cells and
* Good T cell engraftment myeloid cells do not engraft well
» Engrafts effector and memory * All of the engrafted T cells are activated
T cell populations * Human T cell xeno-reactivity directed
* Provides a model of xenogeneic against mouse MHC class | and |l
GVHD * There is a limited window for
experimentation owing to GVHD shortening
mouse life span
« It is difficult to generate primary immune
responses
» Xenogeneic GVHD confounds induced
human immune responses
* Host APCs do not express HLA molecules
and do not interact with engrafted T cells
Human SCID-repopulating cell Hu-SRC-SCID » Multiple lineages of hematopoietic cells * Human T cells are educated on mouse
SCID develop, including B and T cells, APCs, thymic epithelium and are H2-restricted and
myeloid cells and NK cells not HLA restricted
» Engraftment of newborns leads to higher  « Immature B cells with poor class switching
levels of CD3+ T cells * Although human-derived
» Generates a naive human immune polymorphonuclear leukocytes, RBCs and
system megakaryocytes are present in the bone
marrow, only low numbers circulate in the
blood
Bone marrow, liver, thymus BLT * A complete human immune system is * Surgical expertise is required

engrafted in the absence of human-
specific exogenous cytokines

* T cells are HLA restricted

* Higher levels of total human
hematopoietic cell engraftment are
achieved than in the Hu-SRC-SCID model
* It is the only model that leads to the
generation of a human mucosal immune
system

» Wasting GVHD-like disease limits the life-
span of model

* Fetal tissue is required

» Immune responses to virus infections are
strong and in some cases can prevent
disease

* Immature B cells with poor class switching
* Responses to vaccination protocols are
predominately limited to IgM antibody
production
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Challenges of current humanized mouse models and approaches to overcome
them.

Humanized mouse models have dramatically improved the ability to study and model
human immunity. However, no one model based on any of the immunodeficient mice
listed in Table 1.3 is sufficient to support the broad spectrum of immunological research
areas of interest. In addition, the models also have numerous limitations that arise from
the inherent limitation of either the currently available immunodeficient strains or the

model of humanized mouse generated.

The limitations arising from the current stains of immunodeficient mice include the
potential for xeno-reactive GVHD, leading to limited lifespan and time frame for
usefulness of the mice. To overcome this, immunodeficient mouse stains have been
developed that lack both murine MHC class | and class Il. The NOG mouse deficient in
both MHC class | and class Il is one such strain, which shows little GVHD when engrafted
with human PBMCs (Yaguchi et al., 2018) and develops antigen-specific human T cells
when challenged with HLA-A2 cytomegalovirus peptide. Others are the NSG strains
NSG-B2M™ (A IE)"" and the NSG-(K’D®)"! (IA") mouse strains (Brehm et al., 2018)
that also readily engraft with mature human T cells from PBMCs and are capable of

mediating allograft rejection of human islets without the effects of GVHD.

Other limitations are low levels of human immune system reconstitution of gut-associated

lymphoid cells, underdeveloped lymphoid organs coupled with poorly developed

lymphoid architecture and lack of cytokines that promote the growth and differentiation of
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human HSC and immune systems in mice, as many of the cytokines and factors essential
for human hematopoietic and immune cell development are not interchangeable with
murine factors due to inter-species variations (Allen et al., 2019). Human factors including
cytokines are thus being provided to humanized mice through transgenic expression of
constructs, knock-in technology and viral expression vectors (Brehm et al., 2016;
Theocharides et al., 2016). A number of these human cytokine producing
immunodeficient mice have been developed and some are listed in Table 1.3. These
factors include factors that improve human innate immune system development such as
the myeloid and NK cells which are otherwise suboptimal in all of the standard humanized
mouse models. The MISTRG which has the knock-in of human MCSF,IL-3,GM-
CSF,IL3,GM-CSF,TPO,hu SIRPa shows improved human monocytes, macrophages and
NK cells development in CD34+ HSC engrafted mice (Rongvaux et al., 2014) and NSG-
SGM3 CSF1 which is transgenic for human IL-3,GM-CSF, SCF and CSF1 and shows
enhanced human CD33+ myeloid development, improved levels of mature CD14+
macrophages, MAST cells and DCs on human CD34+ HSC engraftment (Shultz et al.,
2019b). Others are the introduction of human IL15 to improve human NK cells such as in
the NOG-IL-15 Tg (Katano et al., 2017), the SRG-15 which has the added advantage of
improving reconstitution of gut-associated lymphoid cells (Herndler-Brandstetter et al.,
2017) and the NSG Tg(Hu-IL15) described in this thesis. Figure 1.6 summarizes some of
the limitations and challenges of current humanized mouse models (adopted and

modified from (Allen et al., 2019))
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Figure 1.6: Limitations and challenges of current humanized mouse models.
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Figure 1.6: Limitations and challenges of current humanized mouse models.
Aspects of humanized mouse models the need improvement to better recapitulate

and/or reflect human immune responses
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Humanized mice in Immune-oncology.

Source of Tumor

For humanized mice to be used for immune-oncology studies, they need to support the
growth of human tumors. Two sources are used to generate tumor-bearing humanized
mice; cell line derived xenograft (CDX) and PDX. While both sources are currently being
used to study the immune system’s interaction with the TME, PDX have been shown to
have more predictive value for therapeutic responses in patients with cancer (Izumchenko
et al., 2017). PDXs also allow the development of personalized therapies, where
treatments can be tailored to a particular patient's cancer type and stage using
pharmacological experiment design to assess the treatment efficacy (Calvo et al., 2017).
Table 1.4 summarizes molecular and experimental variations between CDX and PDX
that need to be considered when deciding on tumor sources for tumor-bearing humanized

mouse generation.
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Table 1.5: Main considerations for the use of human tumor cell lines and PDXs

Considerations Tumor cell line PDX
Molecular Stroma (including immune cells, endothelium and fibroblasts) Mouse/Human Mouse/Human
Representativity of human cancers Intermediate High
Tumor cell genetic stability Low High
Evaluation of targeted treatments Good Good
Therapeutic screening (including treatment combinations) Intermediate High
Therapeutic correlation with clinical efficacy Intermediate High
Experimental Route of transplantation (s.c., i.v., orthotopic, intraductal) Good Good
Experimental procedures Good Good
Tumor growth kinetics Good Variable
AVATAR approach Not relevant Relevant
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Use of humanized mice in immuno-oncology.

Humanized mice are currently one of the most attractive in-vivo models for preclinical
screening of immunotherapies and for understanding the mechanisms governing their
action. For example, Jin et al., showed that anti-CD19 CAR-T cell therapy in Hu-SRC-
SCID mice was able to control the tumor burden of autologous primary acute B
lymphoblastic leukemia as seen in patients. The CD19 CAR-T cells also lead to rapid
production of T cell and monocyte/macrophage derived cytokines and an increase in
Tregs frequency as reported in the clinic (Jin et al., 2018), providing validation for the
potential use of humanized mice in evaluating and to facilitate development of human
CAR-T cell therapies.

Partially HLA matched PDX and CDX tumor-bearing Hu-SRC-SCID mice were also used
to study the efficacy and mechanisms of anti-PD-1 immunotherapy. In the study, anti-PD-
1 antibody treatment produced significant growth inhibition in both CDX and PDX tumors
and the inhibition of growth depended on human CD8+ T cells (Wang et al., 2018).
Following the same idea, another study evaluated the effect of a combination of
chemotherapy and immunotherapy in humanized mice. Burlion et al., showed that NSG
mice reconstituted with CD34+ HSC and bearing triple negative (progesterone receptor
negative, estrogen receptor negative, human epidermal growth factor receptor 2 negative)
MDA-MB-231 human breast cancer cell line grafts responded to a combination of anti-
Inducible T-cell costimulatory (ICOS) neutralizing monoclonal antibody (mAb) and
cyclophosphamide with reduced tumor growth which was associated with improved CD8+

T cell to Treg ratios (Burlion et al., 2019).
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Humanized mice have therefore yielded considerable and tangible data in the providing
new insight into the mechanisms of immunotherapies and shows promise for the

preclinical evaluation of cancer immunotherapies.
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CHAPTERII

NOD-scid IL2ry™" mice lacking TLR4 support human immune system engraftment

and enable the study of human-specific innate immune responses.

Introduction
Toll-like receptors, are evolutionarily conserved pattern recognition molecules on innate
immune cells that are vital in activating immune responses, forming the first line of
defense against microbial pathogens, tissue injury or cancer. To date, 13 members (both
human and mouse) have been discovered (Vijay, 2018a). They are expressed on the
plasma membranes (TLR 1, 2, 4, 5, 6, 10, 11, 12 and13) or endosomal membranes (TLR
3,4,7,8,9) of APCs and can recognize and bind PAMPs and DAMPs making them an
important system for innate immune surveillance. (Kaczanowska et al., 2013). All of the
TLRs with exception of TLR3 recruit and signal through MyD88, resulting in the activation
of the transcription factor NF-xB which regulates the expression of multiple genes
important of proliferation, proinflammatory cytokine production and survival to help protect
against infections (Akira et al., 2001). TLR3 activation exclusively signals through the
adaptor molecule TRIF. TLR4 is also able to recruit TRIF through the adaptor bridge,
TRIF-related adaptor molecule (TRAM), with both MyD88 and TRIF activation culminating
in NF-xB activation and making TLR4 the only TLR capable of signaling through both
MyD88 and TRIF. The activation of proinflammatory signaling cascades upon TLR
signaling leads to attempts at pathogen elimination (Pradere et al., 2014). When the
pathogens cannot be eliminated, a chronic inflammatory state may result, which may also

in part be mediated through TLRs (Newton and Dixit, 2012). Chronic inflammatory states
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have recently been documented to promote cancer progression with increased TLR4
expression and signaling suggested to play important roles (Nunez et al., 2012; Rakoff-
Nahoum and Medzhitov, 2008; Sepehri et al., 2017). In contract, additional reports have
also demonstrated an antitumor role for TLR4 signaling in both immune and tumor cells
expressing TLR4 (Awasthi, 2014; Nunez et al., 2012). TLR4 signaling therefore is a
significant therapeutic target with the development of both agonistic and antagonistic
agents for tumor immunotherapy (Oblak and Jerala, 2011).

Rodent models have been the main-stay for translational medicine in the development
and testing of therapeutics including immunological modalities. However, not all aspects
of the human and murine biology are synonymous, including immune system
development, homeostasis and function (Shultz et al., 2012). To overcome the significant
differences between human and mouse immune systems, immunodeficient mouse
strains have been developed that enable the efficient engraftment of functional human
immune systems to generate humanized mice (Brehm et al., 2010c).

To date however, one of the major limitations in using the existing humanized mice
models to study human specific TLR responses including TLR4 is the maintenance of
functional components of the mouse innate immune system including dendritic cells and
macrophages (Brehm et al., 2013). The mouse innate immune cells thus can respond to
TLR4 agonists in a mouse specific manner, rendering generated data difficult to interpret.
In this study, we developed and the evaluated human specific TLR4 responses in
humanized NSG mice that lack the expression of murine TLR4 also known as NSG-T/r4"/
(TLR4) mice. NSG-TLR4"" mice do not respond to TLR4 agonist challenge, while LPS-

treatment of standard NSG mice stimulates a robust mouse inflammatory response. To
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determine if NSG-TLR4™" mice can support human specific TLR4 responses, these mice
together with NSG mice were injected with cord blood derived human CD34+
hematopoietic cells to generate Hu-SRC-SCID mice. Our results show that NSG-TLR4!
mice engraft with human CD34+ cells and show similar human immune cell chimerism in
the blood and spleen as engrafted NSG mice. LPS treated, HSC-engrafted NSG-TLR4"!
mice produce human inflammatory cytokines without stimulating the murine innate
immune system. Lastly LPS challenge of tumor-bearing NSG-TLR4™' mice show a
human TLR4 specific reduction in tumor growth kinetics. These findings suggest that
HSC-engrafted NSG-TLR4"!" mice are an important model for studying human specific
TLR4 responses and for preclinical testing of TLR4 modulators before advancement to

clinic.

Materials and methods

Mice

NSG mice and NSG-TLR4"™ mice, which do not express murine TLR4, were obtained
from colonies developed and maintained at The Jackson Laboratory (Bar Harbor, ME).
NSG mice lacking TLR4 were generated by first crossing NOD/Lt-TIr4-°s-P¢ mice obtained
from Sasha Chernovsky (Wen et al., 2008) with NSG mice. Further backcrosses of the
F1 offspring to NSG mice were carried out to fix the Prkdcs¢@ and 12rg"™ '™ mutations to
homozygosity. The NSG-TLR4"" mice were maintained by matings of homozygote sibs.
All animals were housed in microisolator cages in a pathogen free facility, given
autoclaved food and maintained on sulfamethoxazole-trimethoprim medicated water

(Goldline Laboratories, FL) and acidified autoclaved water on alternating weeks. All
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animal use was in accordance with the guidelines of the Animal Care and Use Committee
of the University of Massachusetts Medical School and The Jackson Laboratory and
conformed to the recommendations in the Guide for the Care and Use of Laboratory
Animals (Institute of Laboratory Animal Resources, National Research Council, National

Academy of Sciences, 1996).

Engraftment of Mice with Human Hematopoietic Stem Cells

UCB was obtained in accordance with the Committee for the Protection of Human
Subjects in Research guidelines of the University of Massachusetts Medical School. The
UCB was provided by the medical staff of the University of Massachusetts Memorial
Umbilical Cord Blood Donation Program. Groups of 24 to 72 hour-old (newborn) NSG
and NSG-TLR4™! mice were irradiated with 100 centiGray (cGy) (Pearson et al., 2008a).
Irradiated mice were injected with CD3 T cell-depleted human UCB containing 3x10*
CD34* HSC in a 25-50uL volume via intracardiac injection (Brehm et al., 2010a). After 12
weeks, flow cytometry analyses of the blood of HSC recipients quantified the engraftment
of the human immune system. For experimental studies, only mice with >10% peripheral

human CD45+ cells and >5% human CD3+ T cells were used.

Antibodies and flow cytometry

For analysis of mouse innate immune cells, monoclonal antibodies specific for mouse
CD45 (30-F11), PDCA1 (927), CD11c (N418), CD11b (M1/70), CD40 (3/23) and CD86
(GL1) were purchased from BD Biosciences (CA), eBiosciences (CA) or BioLegend, (CA).

For analysis of human hematopoietic engraftment, monoclonal antibodies specific for
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human CD45 (2D1), CD3 (UCHT1), CD4 (RPA-T4), CD8 (RPA-T8), CD11c (B-ly6), CD14
(HCD14), CD20 (2H7) and CD80 (2D10), CD86 (2331) CD123 (AC145) HLADR (L243),
and CD33 (WM53), were purchased from BD Biosciences, Inc., eBiosciences or
BioLegend. Single-cell suspensions of BM and spleen were prepared from cohorts of
engrafted and control mice, and whole blood was collected in heparin tubes. Single cell
suspensions of 1x108 cells in 50uL or 100uL of whole blood were washed with FACS
buffer (phosphate buffered saline (PBS) supplemented with 2% fetal bovine serum,
(HyClone, UT) and 0.02% sodium azide (Sigma, MO)) and then pre-incubated with rat
anti-mouse FcR11b (clone 2.4G2, BD Biosciences) to block Fc binding. Specific
antibodies were then added to the samples and incubated for 30 min at 4°C. Stained
samples were then washed and fixed with 2% paraformaldehyde for cell suspensions or
treated with BD FACS lysing solution for whole blood. At least 50,000 events were
acquired on LSRIlI or FACSCalibur instruments (BD Biosciences). Data analysis was

performed with FlowJo software(Tree Star, Inc., OR).

LPS and poly(l:C) Treatment
Ultra-Pure LPS, (E.coli 0111:B4 strain), and poly(l:C), high molecular weight (HMW) were
purchased from Invivogen (CA). The indicated mice were injected i.p. with 100 ug of either

LPS or poly(l:C).

Serum cytokine analysis
Levels of murine IL6, IL10, Methyl-accepting chemotaxis 1 (MCP1), IFN-y, TNF, and

IL12p70 were determined in the serum from the indicated mice using the BD™ cytometric
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bead array (CBA) Mouse Inflammation Kit (BD Biosciences (CA)). Levels of human IL8,
IL1B, IL6, [IL10, TNF, and IL12p70 were determined in the serum from the indicated mice

using the BD™ CBA Human Inflammation Kit (BD Biosciences (CA)).

In-vivo tumor experiments

Patient derived melanoma tumor was obtained from the Human Avatar Tumor Bank at
the University of Massachusetts Medical School and passaged in NSG mice to deplete
human leukocytes present within the tumor microenvironment. The PDX melanoma was
then processed into 2 x 2 mm? pieces or a single cell suspension and either one piece or
cell suspension (2.5 x 10° viable cells) were transplanted subcutaneously to the right flank
of HSC-engrafted and non-humanized NSG and NSG-TLR4™" mice. The mice were
monitored for tumor growth and were treated with 100 ug of LPS or PBS weekly, when
their tumors were between 50 and 100 mm? in volume. Tumor-bearing mice were taken
down when tumor volumes approached 4000 mm? which was the limit set by the IRB of
UMASS medical school. Tumors and spleens were then harvested from the mice and
processed for flow cytometry staining and analysis. Tumors were measured by calipers

every 3 to 4 days, and volumes (mm?3) were calculated by (length X width?)/2.

Statistical Analyses

To compare individual pair-wise groupings, we used unpaired t-tests and Mann-Whitney
test for parametric and non-parametric data, respectively. Three or more means were
compared by one-way ANOVA and the Bonferroni multiple comparison test. Significant

differences were assumed for p values <0.05. Statistical analyses were performed using
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GraphPad Prism software (version 8.0, GraphPad, CA).
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Results

Comparison of mouse innate immune system development in NSG and NSG-
TLR4™" mice

NSG mice lack T cells, B cells and NK cells but still maintain components of the innate
immune system, including dendritic cells and macrophages (Shultz et al., 2005). We
compared the percentages and total number of mouse innate immune cell populations in
the spleen and BM of NSG mice and NSG-TLR4™" mice (Figure 2.1). Mouse PDCA1+
(CD317) plasmacytoid dendritic cells (pDC), CD11¢c+/CD11b- DC, CD11c+CD11b+ DC,
and CD11c-/CD11b+ macrophages were identified by flow cytometric analysis. The
percentages (Figure 2.1A and 2.1C) and total number (Figure 2.1B and 2.1D) of mouse
innate immune cells in spleen (Figure 2.1A and 2.1B) and bone marrow (Figure 2.1C
and 2.1D) were comparable for NSG and NSG-TLR4"™" mice, with statistically significant
differences observed. For example, NSG-TLR4™! mice have lower levels of plasmacytoid
DC in spleen and bone morrow as compared to NSG mice, while higher levels of CD11b+
macrophages were detected in the spleens of NSG-TLR4™' mice. These results
demonstrate that the TLR4 mutation results in differences in dendritic cell populations
and macrophages in NSG mice, but overall there are not major quantitative changes in

these innate immune cell populations.
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Figure 2.1: Mouse innate immune cell development in NSG-TLR4™" mice and NSG mice
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Figure 2.1: Mouse innate immune cell development in NSG-TLR4"" and NSG mice.
Spleen (A and B) and BM (C and D) from 8 to 12-week old NSG and NSG-TLR4" mice
were analyzed by flow cytometry for levels of mouse PDCA1+ pDC, CD11¢c+/CD11b- DC,
CD11c+/CD11b+ DC and CD11b+ macrophages, as described in the Materials and
methods. The percentage (A and C) and total number (B and D) are shown for each

tissue. The data are representative of 3 independent experiments.
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To confirm that NSG-TLR4™! mice are unable to respond to TLR4 agonists, NSG and
NSG-TLR4™" mice were treated with LPS and the ability of innate immune cells to
increase expression of phenotypic markers (Table 2.1) and produce cytokines (Figure
2.2) were evaluated. To assess phenotypic changes on mouse innate immune cells, NSG
and NSG-TLR4"™" mice were injected i.p. with 100 pg of either LPS or poly(l:C), and 24
hours later expression of CD40 and CD86 was evaluated on the surface of dendritic cells
and macrophages recovered from the spleen as shown in Table 2.1. LPS treatment of
NSG mice stimulated increased expression of CD40 on CD11c+/CD11b- DC,
CD11c+/CD11b+ DC and CD11c-/CD11b+ macrophages and increased expression of
CD86 on CD11c+/CD11b- DC as compared to control mice. In contrast, LPS treatment
of NSG-TLR4"™ mice did not stimulate increased expression of CD40 and CD86 on
mouse innate immune cell populations. Poly(l:C)-induced increases in the expression of
CD40 and CD86 on mouse innate immune cells was similar between NSG and NSG-

TLR4™" mice demonstrating normal TLR3-mediated responses in NSG- TLR4"™" mice.
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Table 2.1: Mouse innate immune cells from NSG-TLR4™!" mice do not increase CD40 or CD86 expression following

exposure to LPS.

CD40 Expression

NSG (MFI)

NSG-TLR4™! (MFI)

Control? LPS Treated poly(l:C) Treated Control LPS Treated poly(l:C) Treated
CD11c/CD11b-DC |  6766£753 22170+3076° 1993541020 6681530 6925430 161603782
CD11c/CD11b" DC | 746 34101 6087+1099° 6860+1276° 737.7+69.8 779.3+174 5035+3278°
CD11b+ Macrophage | 4141404 6043£517" 3909377 4593222 44914205 4168+104
CD86 Expression NSG (MFI) NSG-TLR4™! (MFI)
Control? LPS Treated poly(l:C) Treated Control LPS Treated poly(l:C) Treated
CD11c*/CD11b- DC | 367.3%67.8 1005+71.7° 1111£141° 368+70 407.3+120.8 1315+82°
CD11c/CD11b" DC | 464 34163 188.7+29 540.3+40° 196.5425.6 169.8412.7 635+57.7°
CD11b+ Macrophage | g5 98413 3 24.07+9.84 68.27+5.93 110.85+19.1 88.5+11 77.77+15.96

a. Control animals were treated with PBS and injected with a volume equal to that used for LPS and poly(l:C)injection.

b. p<0.001, as compared to untreated
c. p<0.01, as compared to untreated
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To assess cytokine production, mice were injected i.p. with 100 ug of either LPS or
poly(I:C), and 24 hours later blood samples were collected and serum cytokine levels
were assessed by CBA (Figure 2.2). Serum samples were evaluated for mouse IL-6, IL-
10, MCP1, IFNy, TNF and IL12p70 and compared to PBS injected mice. NSG mice
produced significant levels of IL-6, IL-10 and MCP following challenge with LPS and this
cytokine response was absent in NSG-TLR4™! mice treated with LPS. Poly(l:C) treatment
induced a similar mouse cytokine response in both NSG and NSG-TLR4"™ mice.
Together these data show that NSG-TLR4™!" mice develop mouse innate immune cells

but these cells are unable to mount a functional response to the TLR4 agonist, LPS.
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Figure 2.2: LPS treatment does not stimulate production of mouse cytokines in NSG-
TLR4"™! mice.
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Figure 2.2: LPS treatment does not stimulate production of mouse cytokines in
NSG-TLR4"" mice. NSG and NSG-TLR4™" mice were injected i.p. with PBS, LPS
(100ng) or poly(l:C) (100ug). Blood samples were collected 24 hours after injections and
levels of mouse cytokines (IL6, IL10, MCP1, IFNy, TNF and IL12p70) were quantified by
CBA, as described in the Materials and Methods. The cytokine levels shown are an
average of 6 mice and error bars indicate the standard error of mean. The data are
representative of 3 independent experiments. For statistical analysis, the average
cytokine levels for LPS and poly(l:C) treated mice were compared to levels for PBS

treated mice; ** p<0.01, *** p<0.001, **** p<0.0001.
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Human immune cell chimerism levels are similar in HSC-engrafted NSG-TLR4™"
and NSG mice.

The results above show that NSG-TLR4™" mice do not respond to LPS treatment. We
next tested if NSG-TLR4™!" mice engraft with human HSC and develop a human immune
system to the same level as NSG mice. For these experiments newborn conditioned NSG
or NSG-TLR4"!" mice were engrafted with human HSC as described in the Materials and
methods and were evaluated for human cell chimerism in the spleen, bone marrow and
blood at 16 weeks (Figure 2.3). Slightly higher percentages of human CD45+ cells were
detected in the spleen (Figure 2.3A), bone marrow (Figure 2.3B) and blood (Figure
2.3C) of NSG-TLR4"™" mice but this was not significantly different from the levels in NSG
mice. There were no significant differences in the number of human CD45+ cells in the
spleen (Figure 2.3D) and bone marrow (Figure 2.3E) of NSG-TLR4"™! mice as compared
to NSG mice. We next compared the levels of human T cells and B cells in spleen, bone
marrow and blood of NSG and NSG-TLR4"™!" mice engrafted with human HSC (Figure
2.4). No significant differences were observed for the percentages of human CD3+ T cells
(Figures 2.4A, 2.4B and 2.4C), the CD4:CD8 T cell ratio (Figures 2.4D, 2.4E and 2.4F)
or in the percentages of human CD20+ B cells (Figures 2.4G, 2.4H and 2.4l) between
the HSC engrafted strains. We next evaluated the development of human pDC, human
mDC, and human monocyte/macrophage levels in spleen, BM and blood of NSG and
NSG-TLR4™" mice engrafted with human HSC (Figure 2.5). No significant differences
were observed for the percentages of human CD123+ pDC cells (Figures 2.5A, 2.5B
and 5C) and human CD14 positive monocyte/macrophage (Figures 2.5G, 2.5H and 2.5l)

between the HSC engrafted strains. A significantly higher frequency of human CD11c+
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mDC were detected in the BM (Figure 2.5E) of NSG-TLR4" mice but no differences
were observed in the spleen (Figure 2.5D) or blood (Figure 2.5F). Overall these data
indicate that NSG-TLR4"" mice engraft efficiently with human HSC as compared to NSG

mice and develop both adaptive and innate human immune cells.
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Figure 2.3: NSG-TLR4™! mice engrafted with human HSC have high levels of human
cell chimerism.
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Figure 2.3: NSG-TLR4"" mice engrafted with human HSC have high levels of
human cell chimerism. NSG and NSG-TLR4™' newborn mice were engrafted with
human HSC, as described in the Materials and methods. Mice were analyzed by flow
cytometry for levels of human CD45+ cells in the spleen (A and D), bone marrow (B and
E) and blood (C) at 16 weeks of age. The percentages (A, B and C) and total number (D
and E) of human CD45+ cells are shown and each point represents an individual animal.

The data are from a total of 4 independent experiments

68



Figure 2.4: NSG-TLR4"™" mice engrafted with human HSC develop human T and B cell
populations.
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Figure 2.4: NSG-TLR4" mice engrafted with human HSC develop human T and B
cell populations. NSG and NSG-TLR4™! newborn mice were engrafted with human
HSC, as described in the Materials and methods. Mice were analyzed by flow cytometry
for levels of human T cells and B cells in the spleen (A, D and G), bone marrow (B, E and
H) and blood (C, F and |) at 16 weeks of age. The percentage of CD3+ T cells (A, B and
C), the ratio of CD4 to CD8 T cells (D, E and F) and the percentage of human CD20+
cells (G, H and I) are shown. Each point represents an individual animal, and the data are

from a total of 4 independent experiments.
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Figure 2.5: NSG-TLR4™' mice engrafted with human HSC develop human innate

immune cell populations.
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Figure 2.5: NSG-TLR4"" mice engrafted with human HSC develop human innate
immune cell populations. NSG and NSG-TLR4™! newborn mice were engrafted with
human HSC, as described in the Materials and methods. Mice were analyzed by flow
cytometry for levels of human innate immune cells in the spleen (A, D and G), bone
marrow (B, E and H) and blood (C, F and |) at 16 weeks of age. The percentage of human
CD123+ pDC (A, B and C), the percentage of human CD11c+ mDC (D, E and F) and the
percentage of human CD14+ monocyte/macrophage (G, H and I) are shown. Each point
represents an individual animal, and the data are from a total of 4 independent

experiments.
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LPS treatment of HSC-engrafted NSG-TLR4"" mice increases expression of co-
stimulatory molecules on human innate immune cells.

The lack of a mouse innate immune response to LPS in NSG-TLR4™!" mice enables the
study of human-specific TLR4-mediated responses in HSC-engrafted mice. We
compared the human response to LPS treatment in newborn NSG and NSG-TLR4"!
mice engrafted with human HSC. HSC-engrafted NSG and NSG-TLR4"! mice were
treated with PBS or LPS, and 24 hours later the levels of human CD45+ cells were
determined in the spleen, BM and blood. No significant differences were detected in the
percentage of human CD45+ cells from the spleen (Figure 2.6A) and BM (Figure 2.6B)
for either mouse strain. In contrast, HSC-engrafted NSG mice showed a significant
decrease in human CD45+ cells in the blood after LPS treatment and this effect was
absent in the NSG-TLR4™' mice (Figure 2.6C). Next, we examined human innate
immune cell populations (pDC, mDC and monocyte/macrophage) from the blood of HSC-
engrafted NSG and NSG-TLR4"™" mice for changes in the expression of CD80 (Figures
2.6D, 2.6E and 2.6F) and CD86 (Figures 2.6G, 2.6H and 2.6l) at 24 hours after LPS
treatment. Treatment of HSC-engrafted NSG-TLR4™! mice with LPS stimulated a
significant increase in the expression of CD80 and CD86 on human CD123+ pDC
(Figures 2.6D, 2.6G), human CD11c+ mDC (Figures 2.6E, 2.6H) and human CD14+
monocyte/macrophage (Figures 2.6F, 2.6l). LPS treatment also stimulated significant
increases in CD80 expression on human mDC (Figure 2.6E) and human
monocyte/macrophage (Figure 2.6F) and a significant increase in CD86 expression on

mDC (Figure 2.6H) in HSC-engrafted NSG mice. These data indicate that the LPS
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induces global changes in phenotypic markers on human innate immune cells in HSC-

engrafted NSG-TLR4™!" mice but not in NSG mice.
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Figure 2.6: LPS treatment activates human innate immune cells in NSG-TLR4"" mice

engrafted with human HSC.
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Figure 2.6. LPS treatment activates human innate immune cells in NSG-TLR4"!
mice engrafted with human HSC. NSG and NSG-TLR4"" newborn mice were engrafted
with human HSC, as described in the Materials and methods. HSC-engrafted mice were
injected i.p. with PBS or LPS and 24 hours later, percentages of human CD45+ cells were
determined in the spleen (A), bone marrow (B) and blood (C). Expression of CD80 (D, E
and F) and CD86 (G, H and I) was evaluated on human CD123+ pDC (D and G), human
CD11c+ mDC (E and H) and human CD14+ monocyte/macrophage (F and |) recovered
from the blood at 24 hours post-treatment. Each point represents an individual animal,

and the data are from a total of 3 independent experiments.
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LPS treatment of HSC-engrafted NSG-TLR4" Mice stimulates production of
human inflammatory cytokines in the absence of a mouse cytokine response.

We next compared human cytokine production in HSC-engrafted NSG and NSG-TLR4"!
mice after LPS treatment (Figure 2.7). HSC-engrafted mice were treated with PBS or
LPS and serum was harvested 6 hours later. The recovered serum samples were tested
for levels of human IL8 (Figure 2.7A), IL13 (Figure 2.7B), IL6 (Figure 2.7C), IL10 (Figure
2.7D), TNF (Figure 2.7E) and IL12p70 (Figure 2.7F). LPS treatment stimulated
significant increases in IL8, IL1B and IL6 in both HSC-engrafted NSG and NSG-TLR4!
mice. In addition, increased levels of TNF were detected in HSC-engrafted TLR4"! mice
but not in NSG mice. No significant increases were detected in levels of human IL10 and
IL12p70. We next asked if production of human cytokines in HSC-engrafted NSG-TLR4"!
mice stimulated by LPS would activate murine innate immune cells to produce
inflammatory cytokines in a bystander manner. To test this NSG and NSG-TLR4"" mice
that were either unmanipulated or engrafted with human HSC were treated with LPS and
serum was collected 6 hours later for cytokine analyses (Figure 2.8). Mouse IL6 (Figure
2.8A), IL10 (Figure 2.8B), MCP1 (Figure 2.8C) and TNF (Figure 2.8D) were detected at
significantly higher levels in NSG mice as compared to both unmanipulated or HSC-
engrafted NSG-TLR4"" mice. The levels of mouse cytokines detected in HSC-engrafted
NSG-TLR4™" mice treated with LPS were not significantly higher than levels in
unmanipulated NSG-TLR4™ mice treated with LPS. Overall these results indicate that
LPS-induced human inflammatory cytokines in HSC-engrafted NSG-TLR4™! mice do not

stimulate bystander activation of the mouse innate immune system.
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Figure 2.7: LPS treatment stimulates production of human cytokines in NSG and NSG-
TLR4™" mice engrafted with human HSC.
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Figure 2.7: LPS treatment stimulates production of human cytokines in NSG and
NSG-TLR4"!" mice engrafted with human HSC. NSG and NSG-TLR4"" newborn mice
were engrafted with human HSC, as described in the Materials and Methods. HSC-
engrafted mice were injected i.p. with PBS or LPS and 6 hours after treatment serum
samples were recovered. Levels of human cytokines (IL8, IL1p3, IL6, IL10, TNF and
IL12p70) were quantified by CBA, as described in the Materials and methods. Each point
represents an individual animal, and the data are from a total of 2 independent
experiments. For statistical analysis, the average cytokine levels for LPS treated mice

were compared to levels for PBS treated mice.
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Figure 2.8: LPS treatment of HSC-engrafted NSG-TLR4"" mice does not induce a
mouse cytokine response.
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Figure 2.8: LPS treatment of HSC-engrafted NSG-TLR4"' mice does not induce a
mouse cytokine response. NSG and NSG-TLR4"™" mice that were unmanipulated or

engrafted with human HSC as newborns were injected i.p. with LPS (100ug). Serum
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samples were collected 6 hours after LPS injections, and levels of mouse cytokines (IL6,
IL10, MCP1, and TNF) were quantified by CBA, as described in the Materials and
methods. Each point represents an individual animal. * p<0.01, ** p<0.01, *** p<0.001,

wxk 20,0001,
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LPS treatment of HSC-engrafted NSG-TLR4"' mice stimulates production of
human inflammatory cytokines in the absence of a mouse cytokine response.

We next performed a kinetic analysis of human cytokine production that was stimulated
by LPS treatment of HSC-engrafted NSG-TLR4"! mice (Figure 2.9). HSC-engrafted
NSG-TLR4"" mice were treated with PBS or LPS and serum samples were recovered at
2, 6 12 and 24 hours. Human IL-8 production was first detectable at 2 hours, peaking at
6 hours and declining by 24 hours (Figure 2.9A). Human IL13 was first detectable at 6
hours with the response declining by 12 hours (Figure 2.9B). Human IL6 was first
detectable at 2 hours with the response declining by 12 hours (Figure 2.9C). Human IL10
was first detectable at 6 hours with the response declining by 24 hours (Figure 2.9D).
Human TNF was first detectable at 2 hours and the response was not detectable at 12
hours (Figure 2.9E). Low levels of human IL-12p70 were detectable at the 12-hour time
point (Figure 2.9F). Together these data indicate that HSC-engrafted NSG-TLR4™! mice

can be used to study human-specific cytokine responses to TLR4 agonists.
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Figure 2.9: Kinetics of LPS stimulates human cytokine production in NSG-TLR4"" mice

engrafted with human HSC.
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Figure 2.9: Kinetics of LPS stimulates human cytokine production in NSG-TLR4"!!
mice engrafted with human HSC. NSG-TLR4" newborn mice were engrafted with
human HSC, as described in the Materials and Methods. HSC-engrafted mice were
injected i.p. with PBS or LPS and serum samples were recovered at 2, 6 12 and 24 hours
after treatment. Levels of human cytokines (IL8, IL1B, IL6, IL10, TNF and IL12p70) were
quantified by CBA, as described in the Materials and methods. Each point represents an
individual animal, and the data are from a total of 3 independent experiments. For
statistical analysis, the average cytokine levels for LPS treated mice were compared to

levels for PBS treated mice at each time point; * p<0.05, ** p<0.01, *** p<0.001.

84



LPS treatment reduces tumor growth kinetics of human PDX melanoma in NSG-
TLR4"" mice engrafted with human HSC

Given that we can observe human specific TLR4 responses in HSC-engrafted NSG-
TLR4™" without bystander activation of the mouse innate system, we next tested the
effect of the TLR4 agonist LPS on the growth kinetics of PDX melanoma (Figure 2.10).
We first tested the effect of LPS on tumor growth in unengrafted NSG and NSG-TLR4"!
to determine the baseline effect of mouse TLR4 deletion on LPS driven tumor growth
rate. A significant reduction in PDX melanoma growth rate was observed in tumor-bearing
NSG mice treated with LPS when compared to PBS treated mice (Figure 2.10B),
however melanoma growth kinetics in LPS treated NSG-TLR4"! was not significantly
different compared PBS treated tumor-bearing NSG-TLR4"™" mice (Figure 2.10C).
Knowing that growth rates for the PDX melanoma do not change following LPS
stimulation in NSG-TLR4™! we examined the effects of human specific TLR4 challenge
on PDX melanoma growth. HSC-engrafted NSG-TLR4"!' showed a significant reduction
in PDX tumor growth kinetics upon LPS challenge (Figure 2.10E) albeit more modest to
the growth reduction observed in HSC-engrafted NSG mice (Figure 2.10D). Taken
together these data indicate that PDX melanoma responds to TLR4 agonist stimulation

in a human specific manner in HSC-engrafted NSG-TLR4"! mice.
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Figure 2.10: LPS treatment reduces tumor growth kinetics for a human PDX melanoma
in NSG-TLR4"" mice engrafted with human HSC.
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Figure 2.10: LPS treatment reduces tumor growth kinetics for a human PDX

melanoma in NSG-TLR4"" mice engrafted with human HSC. Four to eight-week old

NSG and NSG-TLR4"™" mice that were left unmanipulated or engrafted with human HSC

were transplanted subcutaneously with PDX melanoma and treated with 100 ug of LPS

or PBS weekly, as described in the Materials and methods (A). Tumor growth kinetics
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were monitored in unmanipulated NSG (B), unmanipulated NSG-TLR4™! (C), engrafted
NSG (D) and engrafted NSG-TLR4" (E) mice. The data are representative plots from 2
independent experiments. For statistical analysis the tumor growth curves of LPS treated

mice were compared to PBS treated mice; * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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LPS treatment of HSC-engrafted NSG-TLR4™' mice bearing PDX melanoma
reduces the proportions of human innate immune cells within the tumor
microenvironment.

With the observed decrease in tumor growth kinetics following LPS treatment in the PDX
melanoma-bearing HSC engrafted NSG-TLR4"! mice, we interrogated the effect of LPS
on the immune profile in the tumor micro-environment. For these experiments, we
harvested tumors from PDX melanoma bearing NSG or NSG-TLR4"" mice which were
engrafted with human HSC and treated with LPS or PBS as described in the Materials
and methods. We used flow cytometry to interrogated the tumor microenvironment for
changes in the human immune cell repertoire upon LPS treatment (Figure 2.11). No
significant differences in percentages (Figure 2.11A) and numbers (Figure 2.11B) of
human CD45+ cells in the tumor microenvironment were observed between LPS and
PBS treated NSG-TLR4™!" or NSG mice. Although slightly higher human CD45+ cells
were detected within the tumor of NSG mice, this was not significantly different from the
levels in NSG-TLR4™'" mice (Figure 2.11A and 2.11B). Next, we evaluated the
proportions of human T cells, B cells and innate cells within the tumor. We observed no
differences in the percentages of human CD3+ T cells between LPS and PBS treated
mice from both strains (Figures 2.11C). However, upon LPS treatment, there were
significant reduction in the percentage of human CD33+ myeloid cells (Figure 2.11E)
compared to PBS treated mice for both strains and a significant increase in the human
CD20+ B cells for NSG mice (Figure 2.11D). We then evaluated the proportions of human
pDC, human mDC, and human monocyte/macrophage levels in the tumor of NSG and

NSG-TLR4"" mice to determine which population accounted for the observed reduction

88



in percentages of CD33+ innate cells following LPS treatment. There was a significant
reduction in percentages of human CD14+ monocyte/macrophage cells in the tumor
following LPS treatment in both NSG and NSG-TLR4™!' mice (Figure 2.11F). There was
also a significant decrease in percentages of both human CD11c+ mDC and human
CD123+ pDC in LPS treated compared to PBS treated NSG mice (Figure 2.11G and
2.11H respectively) The trend for decreased levels of human mDC and human pDC in
LPS treated NSG-TLR4"™!" mice was not significant (Figure 2.11G and 2.11H). Together
these data indicate that the LPS induces changes within tumor grafts of HSC-engrafted

NSG mice, specifically reducing the levels of human innate immune cells.
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Figure 2.11: LPS treatment reduces innate immune cell populations within PDX tumors
of NSG and NSG-TLR4"' mice engrafted with human HSC.
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Figure 2.11: LPS treatment reduces innate immune cell populations within PDX
tumors of NSG and NSG-TLR4"' mice engrafted with human HSC. Four to eight-
week old NSG and NSG-TLR4™!" mice that were left unmanipulated or engrafted with
human HSC were transplanted subcutaneously with PDX melanoma and treated with
LPS or PBS as described in the Materials and methods. The tumors were harvested and
analyzed by flow cytometry for levels of human CD45+ leukocyte (A, B), human CD3+ T
cells (C), human CD20+ B cells (D), human CD33+ myeloid cells (E), human CD14+
monocyte/macrophage (F), human CD11c+ mDC (G), and human CD123+ pDC (H). The
percentages (A, C, D, E, F, G and H) and total number (B) of human CD45+ cells are
shown and each point represents an individual animal. For statistical analysis the LPS
treated mice were compared with PBS treated mice; * p<0.05, ** p<0.01, *** p<0.001, ****

p<0.0001.
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Discussion
Humanized mice have been employed as experimental tools to study human immune
system function and for evaluating immune stimulatory compounds (Bryce et al., 2016;
De La Rochere et al., 2018; Durost et al., 2017; Wang et al., 2018; Zhang et al., 2018).
One of the major limitations in using humanized mice to study innate immune therapeutics
however is the presence of mouse innate immune cells that can and do respond to
stimulation such as experimental therapy targeting TLRs, making interpretation of
experimental data difficult. Here, we have overcome this limitation with regards to TLR4
signaling using a novel strain of NSG mice that lack mouse TLR4. Upon engraftment with
UCB-derived human CD34+ cells, NSG-TLR4™!" humanized mice are able to develop a
human immune system with chimerism levels similar to those generated in NSG mice.
The human immune cells remain functional as shown by their ability to produce cytokine
upon challenge. Moreover, LPS challenge leads to a human-specific response in HSC-
engrafted NSG-TLR4" mice without input from the mouse innate immune cells.
Importantly, a PDX melanoma tumor responds to LPS modulation in a human specific
manner in NSG-TLR4™ mice, enabling the testing of TLR4 targeted cancer

immunotherapies in-vivo.

The NSG mouse strain lacks T, B and NK cells which enables engraftment with human
HSC, but these mice still retain mouse innate cells including macrophages and DCs
(Shultz et al., 2005). The remaining murine innate cells respond to immune stimuli and
generate an inflammatory response that delays the growth of a PDX melanoma. In our

present study mouse innate immune cells development in NSG-TLR4™' mice was
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comparable to those in NSG mice. Of note however, was our observation of significantly
lower plasmacytoid DC in the spleen and bone marrow and lower CD11c+/CD11b- DC,
CD11c+/CD11b+ DC and macrophages in the bone marrow of NSG-TLR4™ mice
compared to NSG mice. This observation in mouse innate development in within the
NSG-TLR4™" we believe is due to the role TLRs signaling including TLR4 play in
hematopoietic development, particularly with regards to DCs and macrophages (Griffin et
al., 2018; Michelsen et al., 2001). Nagai et al. showed that hematopoietic progenitors
expressed functional TLR2 and TLR4, and stimulation of these receptors lead to myeloid
progenitors giving rise to monocytes and/or macrophages while lymphoid progenitors
becoming DCs (Nagai et al., 2006). In that light, the loss of TLR4 in the NSG-TLR4!
mice may be preventing TLR4 signaling in hematopoietic progenitors and negatively
impacting mouse innate immune cell replenishment. The NSG-TLR4™! mice were unable
to respond to LPS treatment, in contrast, poly(l:C) simulated mouse innate immune
responses in both NSG-TLR4™" and NSG mice similarly with increases in cytokine
production (IL-6, IL-10 and MCP) and surface expression of CD40 and CD86 indicting a

failure for TLR4 signaling but not TLR3 in the NSG-TLR4"™ mouse stain.

The ability of NSG-TLR4™!" mice to engraft human leukocytes was assessed by injecting
NSG-TLR4"™"and NSG mice with UCB-derived CD34+ HSC. Human CD45+ immune cell
chimerism was similar between NSG-TLR4™! and NSG mice. The two strains also
developed similar frequencies of human innate and adaptive immune cells with the
exception of CD11c+ myeloid DC which was higher in the bone marrow of HSC-engrafted

NSG-TLR4"" mice. These human innate immune cells respond to TLR4 specific LPS
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challenge with an increase in the mean fluorescence intensity (MFI) of the expression
markers CD80 and CD86 and production of IL-8, IL-1B, IL-6 and TNF. Notably, human
cytokine production following LPS challenge did not stimulate the bystander activation of
mouse innate immune cells, with no observable production of murine cytokine in HSC-
engrafted NSG-TLR4™" mice. These observations suggest that HSC-engrafted NSG-

TLR4™" mice respond to LPS challenge in a human specific manner.

Most importantly NSG-TLR4"!' mice support an in-vivo platform for the development and
testing of novel strategies for immunotherapy based on TLR4 stimulation. TLR4 activation
has been linked with both cancer progression and regression. The expression of TLR4
has been used as a prognostic indicator in established cancers where TLR4 expression
creates an environment to promote cancer cell proliferation (Stevens et al., 2008; Weng
et al., 2014; Zhang et al., 2013; Zou et al., 2013). For example there is experimental data
indicating that LPS induced TLR4 signaling promotes hepatocellular carcinoma survival
and proliferation (Wang et al., 2013). Also the blockade of TLR4 signaling through NF-«B
inactivation by siRNA reduces the invasive ability of cancer cells, with murine models of
colorectal metastasis and hepatic steatosis showing decreased tumor burden (Earl et al.,
2009). However, there is also mounting evidence indicating the requirement of TLR4 for
a protective immune response. For instance, TLR4 silencing leads to increased breast
cancer metastasis (Ahmed et al., 2013) and Paclitaxel (an alternative LPS-like immune
stimulatory drug) treatment lead to reduction in murine melanoma and breast cancer
tumors growth in a TLR4-dependent manner (Wanderley et al., 2018). In our study LPS

treatment was able induce tumor growth regression of a PDX melanoma in HSC-
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engrafted NSG-TLR4™" mice. The observed impact on tumor growth correlated with a
reduction in tumor infiltrating human innate immune cells particularly tumor-associated
macrophages and DCs. Tumor associated macrophages have been shown to play a
tumor supporting role through production of angiogenesis and growth factors including
IL10 and IL-1B in addition to regulating T cell activity (Aras and Zaidi, 2017; Voronov et
al., 2003). The observed reduction in the innate immune compartment within the TME
therefore reduces the tumors access the necessary factors for its propagation and

potentially stifles the PDX melanoma’s growth.

These results emphasize the ability of NSG-TLR4™! mice to be used for the development
and evaluation of TLR4 specific modulators both agonist and antagonist. Indeed there
are currently a few TLR4 modulators approved for use and more in development including
Erictoran (E5564) developed by Eisai (Tokyo, Japan), which prevents TLR4 dimerization
and signaling (Kuo et al., 2016), Ibudilast (AV4ll),a TLR4 antagonist that suppresses pro-
inflammatory cytokines in neuroinflammation (Fox et al., 2018) and MPL A which is a
chemically modified and less toxic form of LPS and its derivatives are being evaluated for

use as cancer vaccine adjuvants (Wang et al., 2012; Zhou et al., 2015; Zhou et al., 2017).

In summary, we describe here, an NSG mouse model lacking murine TLR4, that can
engraft human immune cells with similar chimerism to NSG mice. We also show that
NSG-TLR4™!" mice do not respond to a mouse specific TLR4 agonist, but are able to
mount human specific TLR4 response upon human immune system engraftment without

bystander activation of murine innate immune cells. Finally, these mice show in-vivo
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modulation of PDX melanoma by the TLR4 agonist LPS in a human specific manner. This
new model of NSG mice will facilitate the development and testing of human specific

TLR4 modalities of cancer immunotherapy.
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CHAPTERIII

Transgenic expression of human IL15 in NOD-scid IL2ry™" mice enhances the

development and survival of functional human NK cells

Introduction
The human innate immune system plays critical roles in tumor surveillance and in
immunoregulation within the tumor microenvironment (Stolk et al., 2018). NK cells, which
are naturally cytotoxic innate lymphocytes with intrinsic and anti-tumor properties
(Oldham, 1983) are potential targets for cancer immunotherapy (Bottcher et al., 2018;
Fang et al., 2017; Li et al., 2015) with NK cell function being regulated by a balance in
activating and inhibitory receptor signaling (Long et al., 2013). NK cells express KIRs
such as CD158b, CD158e1 and Kkiller cell lectin-like receptor subfamily C, member 1
(CD94/NKG2A) that can engage self-MHC class | resulting in a negative activation signal
the impedes NK cell action (Anthony R French and Yokoyama, 2003; Hans-Gustaf
Ljunggren and Karre, 1990). Thus, cells that have lost expression of self MHC class | are
targets for NK cell killing, which is directly relevant to the control of malignancies that have
downregulated MHC expression. In addition many transformed cells increase their
expression of stress-induced molecules, including MHC class | polypeptide-related
sequence A and B (MICA and MICB) which can be recognized by activating NK cell
receptors such as NKG2D (Bauer et al., 1999). This balance of positive and negative
signaling helps NK cells distinguish between transformed cells such as tumors and MHC
class | non-expressing cells like erythrocytes (Waldhauer and Steinle, 2008). Previous

studies have demonstrated that, the presence of tumor infiltrating NK cell in humans
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correlates with positive prognosis for multiple malignancies including ovarian carcinoma
(Webb et al., 2013) squamous cell lung cancer (Villegas et al., 2002), renal cell carcinoma
(Schleypen et al., 2006), gastrointestinal stromal carcinoma (Rusakiewicz et al., 2013)

and colorectal carcinoma (Coca et al., 1997).

Immunotherapy has revolutionized treatment of human malignancies and has proven to
be efficacious against a variety of cancers with improved long-term survival rates (Chen
and Mellman, 2017; De La Rochere et al., 2018). However, there are groups of cancer
patients that do not benefit from current immunotherapies (Bazhin et al., 2019; Koyama
et al., 2016), leading to the challenge of testing and validating new therapies or
combination of therapies that can increase response rates and prolong survival in a wider
range of individuals. The primary targets of immunotherapies are T cells, B cells, NK cells
and macrophages (Greppi et al., 2019; Koury et al., 2018; Maeng et al., 2018; Marshall
and Djamgoz, 2018; Patel and Minn, 2018; Yee, 2018). Currently there is a paucity of
translatable models to study the effects of immunotherapies on NK cell activation and
function (Mestas and Hughes, 2004; Shultz et al., 2012), and preclinical models are
therefore needed. Conventional rodent models(one of the main stays of biomedical
research), cannot fill this need owing to variations between the murine and human
immune systems that prevent murine models from fully recapitulating human immune
disease states. Humanized mouse models that have been engrafted with functional
human immune systems are thus being used as in-vivo preclinical tools to study human
immune system tumor interactions and therapeutics (Walsh et al., 2017; Wang et al.,

2018). Nonetheless, human NK cell development and survival are extremely limited in
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currently available humanized mice making the study of NK cell in humanized mice

limited.

The cytokine IL15 is indispensable in the development, maturation, function and survival
of mouse and human NK cells (Cooper et al., 2002; Ranson et al., 2003). Murine IL15
however has poor species cross-reactivity with human, and therefore development of
human NK cells is not supported in the standard immunodeficient mouse strains used for
humanization. The supplementation of human IL15 into immunodeficient mice and
subsequent injection with human hematopoietic stem cells enable the development of

human NK cells (Herndler-Brandstetter et al., 2017; Huntington et al., 2009).

In this study we describe a novel NSG based human IL15 transgenic mouse model. The
NSG-Tg(Hu-IL15) mouse produces circulating human IL15 at physiological levels. And
the engraftment of NSG-Tg(Hu-IL15) mice with human HSC results in improved and
sustained NK cell numbers with enhanced maturation and functionality. Most notably, the
human NK cells from engrafted NSG-Tg(Hu-IL15) mice kill MHC class | deficient target
cells with similar efficacy as compared to NK cells purified from PBMC. Moreover, HSC
engrafted NSG-Tg(Hu-IL15) mice show enhanced control of a PDX melanoma tumor
growth in an NK cell-specific manner. These data indicate the potential utility of NSG-
Tg(Hu-IL15) mice as an in vivo model to study human NK cell biology and as a testing

platform for novel human-specific immunotherapeutics targeting NK cells.
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Materials and methods

Mice

NSG mice and NSG-Tg(Hu-IL15) mice, were obtained from colonies developed and
maintained at The Jackson Laboratory (Bar Harbor, ME). All animals were housed in in
microisolator cages in a pathogen-free facility, given autoclaved food and maintained on
sulfamethoxazole-trimethoprim medicated water (Goldline Laboratories, FL) and acidified
autoclaved water on alternating weeks. All animal use was in accordance with the
guidelines of the Animal Care and Use Committee of the University of Massachusetts
Medical School and The Jackson Laboratory and conformed to the recommendations in
the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal

Resources, National Research Council, National Academy of Sciences, 1996).

Measurement of human interleukin 15

Human IL15 protein was measured in NSG-Tg(Hu-1L15) plasma by ELISA. NSG-Tg(Hu-
IL15) mice at 8-12 weeks of age were bled and peripheral blood was collected in heparin
(Sagent Pharmaceutical, IL) tubes. IL15 levels in the plasma were then determined using

a human IL15 Elisa Kit (BioLegend, CA).

Human HSC isolation and engraftment of mice
Human UCB was obtained in accordance with the Committee for the Protection of Human
Subjects in Research guidelines of the University of Massachusetts Medical School. Then

UCB was provided by the medical staff of the University of Massachusetts Memorial
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Umbilical Cord Blood Donation Program. Groups of 6 to 8 week old NSG and NSG-Tg(Hu-
IL15) mice were irradiated with 200 cGy (Pearson et al., 2008a). Irradiated mice were
then injected with CD3 T cell-depleted human UCB containing 1x10° CD34* HSCs i.v.
(Brehm et al., 2010a). At the indicated time points, flow cytometry analyses of the blood
from HSC recipients were done to quantify engraftment of the human immune system.
For experimental studies, only mice with >10% peripheral human CD45+ cells and >5%

human CD3+ T cells were used.

Flow cytometry and antibodies

For analysis of human hematopoietic engraftment and surface molecules, the following
monoclonal antibodies specific for humans were used: human CD45 (2D1), CD3
(UCHT1), CD4 (RPA-T4), CD8 (RPA-T8), CD20 (2H7) CD33 (WM53), CD7 (CD7-6B7),
CD69 (FN50) CD94 (DX22), NKp30 (P30-15), CD158b (KIRK2DL2/L3: DX27), CD56
(5.1H11), CD57 (QA17A04), CD158i (KIR2DS4:179315), CD159¢c (NKG2C: 134591),
CD7 (CD7-6B7), CD314 (NKG2D: 1D11), CD159a (NKG2A: 131411), CD158e1
(KIR3DL1: DX9), CD335 (NKp46: 29A1.4), granzyme B (QA16A02), granzyme A (CB9),
perforin (dG9) and CD16 (3G8). Mouse specific CD45 (30F-11) was also used. The
antibodies were purchased from BD Biosciences, Inc (CA). or BioLegend (CA). Single-
cell suspensions of the spleens were prepared from engrafted mice, and whole blood was
collected in heparin tubes. Single cell suspensions of 1x10° splenic cells in 50uL or 100uL
of whole blood were washed with FACS buffer (PBS supplemented with 2% fetal bovine
serum, (HyClone, UT) and 0.02% sodium azide (Sigma, MO)) and then pre-incubated

with rat anti-mouse FcR11b (clone 2.4G2, BD Biosciences, CA) to block Fc binding.
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Specific antibodies against cell surface markers were then added to the samples and
incubated for 30 min at 4°C. Stained samples were then washed and fixed with 2%
paraformaldehyde for cell suspensions or treated with BD FACS lysing solution for whole
blood. For human granzymes and perforin detection, the cells were lysed, fixed and then
incubated with BD Cytofix/Cytoperm Fixation/Permeabilization solution (BD biosciences,
CA) for 20 min at 4°C. After washing in BD Perm/Wash buffer, the cells were then stained
with antibody against human granzyme A, granzyme B and/or perforin in BD Perm/Wash
buffer (BD biosciences, CA) for 30 min in the dark. At least 100,000 events were acquired
on LSRII instrument (BD Biosciences, CA) or Aurora (Cytek Biosciences, CA). Data

analysis was performed with FlowJo software (Tree Star, Inc., OR).

Chromium release assay

The NK cell cytotoxicity assay was performed as described previously (Hatfield et al.,
2018). Briefly, the target cells (human leukemia K562), were labeled with 100 uCi of 6
mCi/mL Cr-sodium chromate (Naz®'CrOs; Perkin-Elmer, MA) and co-cultured with NK
effector cells isolated from human PBMCs or pooled splenocytes from HSC engrafted
NSG-Tg(Hu-IL15) by positive selection with magnetic beads conjugated with an antibody
specific for human CD56 (Miltenyi Biotec). The target cells (1 x 10* cells/well) were
cultured in round-bottomed microwell plates with various concentrations of effector cells
and incubated at 37°C and 5% CO- for 18 hours. The cells were then centrifuged at 250xg
for 5 min and the supernatant added to Optiphase scintillation fluid (Perkin-Elmer, MA)
and incubated overnight at room temperature to allow for passive mixing and resolution

of sample turbidity prior to reading. The corrected percent lysis for each concentration of
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effector cells was then calculated using the mean cpm for each replicate of wells: %
specific lysis = 100 x [mean sample °'Cr-release (cpm) — mean spontaneous °'Cr-

release]/[mean maximum %'Cr release (cpm) — mean spontaneous *'Cr-release (cpm)].

In-vivo tumor experiments and treatments

Patient derived melanoma tumor was obtained from the Human Avatar Tumor Bank at
the University of Massachusetts Medical School and passaged a minimum of 5 times in
NSG mice to deplete human leukocytes present within the tumor microenvironment. The
melanoma PDX was then processed into 2x2 mm? pieces or into a single cell suspension
and either a piece of tumor or cells (2.5 x 108) were transplanted subcutaneously to the
right flank of humanized and non-humanized NSG and NSG-Tg(Hu-IL15) mice. The mice
were monitored for tumor growth and the indicated mice were treated with OKT8 depleting
antibody (Invivogen, CA), CD335 (NKp46) neutralizing antibody (Perkin Elmer, MA) or
isotype control antibody (Invivogen, CA) i.p. at 100 ug per mouse, when their tumors were
between 50 and 100 mm? in volume. OKT-8 antibody and its isotype control antibody
were given 3 consecutive days then every 7 days while anti-NKp46 antibody and its
isotype control were given for 2 consecutive days then every 7 days. Tumor-bearing mice
were euthanized when tumor volumes in isotype control mice approached limits set by
the IRB of UMASS medical school of 4000 mm3. The tumors, peripheral blood and
spleens were then harvested from the mice and processed for flow cytometry staining
and analysis. Tumors were measured by calipers every 3 to 4 days, and volumes (mm3)
were calculated by (length X width?)/2. The maximum tumor volume per mouse was not

allowed to get beyond 4000 mm3.
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Statistical Analyses

To compare individual pair-wise groupings, we used unpaired t-tests and Mann-Whitney
test for parametric and non-parametric data, respectively. Three or more means were
compared by one-way ANOVA and the Bonferroni multiple comparison test. Significant
differences were assumed for p values <0.05. Statistical analyses were performed using

GraphPad Prism software (version 8.0, GraphPad, CA).

Results

Human IL15 production by NSG-Tg(Hu-IL15) mice.

Given the importance of IL15 for NK cell development, survival and function (Campbell
and Hasegawa, 2013), the levels of circulating human IL15 was measured in unengrafted
NSG, and NSG mice that are either hemizygous (NSG +/Hu-IL15) or homozygous (NSG-
Tg(Hu-IL15)) for the human IL15 transgene (Figure 3.1). The serum human IL15 levels
in our NSG-Tg(Hu-IL15) was 18.8 £ 1.7 pg/mL (Figure 3.1A), which is comparable to
physiological levels of IL15 expressed by healthy human donors (Lamana et al., 2010).
Upon engraftment with HSC, overall survival of NSG-Tg(Hu-IL15) mice was similar to
HSC engrafted NSG mice (Figure 3.1B), indicating that the presence of the human IL15
transgene does not significantly impact the survival of NSG-Tg(Hu-IL15) mice upon

human immune system engraftment.
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Figure 3.1: Transgenic expression of human interleukin 15 (Hu-IL15) in NSG -Tg(Hu-

IL15) mice.
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Figure 3.1. Transgenic expression of human interleukin 15 (Hu-IL15) in NSG -Tg(Hu-

IL15) mice. (A) Quantification of human IL15 levels in unengrafted NSG mice, NSG

+/IL15 mice (hemizygous for the human IL15 transgene) mice, and NSG-Tg(Hu-IL15),

which are homozygous for the human IL15 transgene. Human IL15 was measured in the

blood using ELISA and means+SEM are shown (n=3). (B) NSG or NSG-Tg(Hu-IL15) mice

6 to 8 weeks of age were irradiated (200 cGy) and injected i.v. with 100,000 CD34+ HSC

derived from umbilical cord blood. The survival of the mice was then followed over time

(n=10).
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Improved development of circulating human NK cells in NSG-Tg(Hu-IL15) mice.

The results above show that NSG-Tg(Hu-IL15) mice constitutively express human IL15
with physiological serum levels. We next tested the consequence of human IL15
expression on human immune system engraftment over time. NSG and NSG-Tg(HulL15)
mice were irradiated and injected i.v. with human HSC, and human immune system
development was monitored by flow cytometry (Figure 3.2 and 3.3). HSC engrafted
NSG-Tg(Hu-IL15) mice show accelerated development of human CD45+ cell in the blood
(Figure 3.2A) at weeks 6, 8 and 10 as compared to HSC-engrafted NSG mice. We next
compared the development of CD3+ T cells, CD20+ B cells, CD33+ myeloid cells and
CD56+/CD16+ NK cells between NSG and NSG-Tg(Hu-IL15) engrafted with human HSC.
No significant difference was observed for human CD33+ myeloid cells (Figure 3.2B) and
human CD3+ T cells (Figure 3.2C) over time between the two mouse strains. However,
the development of human CD20+ B cells was significantly reduced in NSG-Tg(Hu-1L15)
mice compared to NSG mice (Figure 3.2D). Moreover, the NSG-Tg(Hu-1L15) mice show
a significant increase in human NK cell percentages starting at week 4 in HSC engrafted
NSG-Tg(Hu-IL15) mice compared to HSC engrafted NSG mice (Figure 3.3B) which
accounts for the observed reduction in CD20+ B cell proportions. Cell counts of human
NK cells between the two stains also showed a significant increase in human NK cell
numbers per uL of blood in NSG-Tg(Hu-IL15) mice compared to NSG (Figure 3.3C),
suggesting that expression of human IL15 improves the development and maintenance

of human NK cells in HSC-engrafted NSG mice.
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Figure 3.2: Human immune cell chimerism in NSG-Tg(Hu-IL15) mice.
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Figure 3.2: Human immune cell chimerism in NSG-Tg(Hu-IL15) mice. NSG (n=15) or
NSG-Tg(Hu-IL15) mice (n=15) 6 to 8 weeks of age were irradiated (200 cGy) and injected
i.v. with 100,000 CD34+ HSC derived from umbilical cord blood. Mice were bled
forthnightly post injection and blood analyzed by flow cytometry for frequencies of (A)
human CD45, (B) human CD33+ innate cells, (C) human CD20+ B cells, (D) human CD3+
T cells, each point represents an individual animal. For statistical analysis HSC engrafted
NSG-Tg(Hu-IL15) mice were compared with HSC engrafted NSG mice; * p<0.05, **

p<0.01, *** p<0.001, **** p<0.0001.
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Figure 3.3: Improved development of circulating human NK cells in NSG-Tg(Hu-IL15)
mice.
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Figure 3.3. Improved development of circulating human NK cells in NSG-Tg(Hu-
IL15) mice. NSG (n=15) or NSG-Tg(Hu-IL15) mice (n=15) 6 to 8 weeks of age were
irradiated (200 cGy) and injected i.v. with 100,000 CD34+ HSC derived from umbilical
cord blood. Mice were bled at 2 week intervals post injection and blood analyzed by flow
cytometry for frequencies of human NK cells. (A) representative flow plot of human
CD56+CD16+ NK cells at 16 weeks post HSC injection. The human NK cells were gated
from hCD45+CD3-CD33- CD20-CD7+ cells. (B) frequency of human CD56+CD16+ NK
cells and (C) numbers per uL of serum of human CD56+CD16+ CD3- NK cells at 2 week

intervals post CD34+ HSC injection. Each point represents an individual animal. For
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statistical analysis HSC engrafted NSG-Tg(Hu-1115) mice were compared with HSC

engrafted NSG mice; * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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NK cell specific antigens and functional profiling in NSG-Tg(Hu-IL15) mice.

We next examined the phenotypic and functional markers of human NK cells in NSG and
NSG-Tg(Hu-IL15) mice 12 weeks after reconstitution with human HSC (Figure 3.4 and
3.5). Higher percentages of CD56+CD16+ NK cells were detected in blood and spleen
of NSG-Tg(Hu-IL15) mice compared to NSG mice (Figure 3.4A). A significantly higher
proportion of human NK cells within the blood and spleen of the NSG-Tg(Hu-I115) mice
stained positive for perforin (Figure 3.4B), granzyme A (Figure 3.4C) and granzyme B
(Figure 3.4D) as compared to HSC-engrafted NSG mice. A larger proportion of NK cells
from NSG-Tg(Hu-IL15) mice also express the NKG2 family members NKG2A, NKG2D
and CD94 with significantly lower expression of NKG2C compared to NSG mice (Figure
3.5B). There was however no difference in expression of the killer cell immunoglobulin
receptors (Figure 3.5C) and the natural cytotoxicity receptor (NCR) NKp30 (Figure 3.5A)
by NK cells from NSG-Tg(Hu-1L15) mice and NSG mice. Nonetheless, NK cells from the
NSG-Tg(Hu-IL15) NK cells have significantly higher expression of NKp46 (Figure 3.5A)

and maturation marker CD8 (Figure 3.5D) with lower expression of CD57 (Figure 3.5D).

We next assessed the cytotoxic ability of NK cells generated within NSG-Tg(Hu-1L15)
mice to kill NK cell responsive MHC-| deficient K562 cells. Human NK cells were enriched
from either spleen of HSC engrafted NSG-Tg(Hu-IL15) mice or human PBMC and
evaluated for the ability to lyse K562 target cells using a standard Cr®' release assay.
After 18 hours of incubation, human NK cells from HSC engrafted NSG-Tg(hu-IL15) mice
kill the NK cell sensitive K562 cells with similar capacity as NK cells isolated from human

PBMC (Figure 3.4E). Taken together these data suggest that the human IL15 transgene
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improves both the numbers and function on NK cells reconstituted in the NSG-Tg(Hu-

IL15) mice
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Figure 3.4: Functional profiling of NK cells in NSG-Tg(Hu-IL15) mice.
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Figure 3.4: Functional profiling of NK cells in NSG-Tg(Hu-IL15) mice. NSG or NSG-
Tg(Hu-IL15) mice 6 to 8 weeks of age were irradiated (200 cGy) and injected i.v. with
100,000 CD34+ HSC derived from umbilical cord blood. At 12 weeks post human HSC
engraftment, blood and spleen were analyzed by flow cytometry for the frequency of (A)
human CD56+CD16+ CD3- NK cells, the capacity of human CD56+CD16+ CD3- NK cells
to produce (B) perforin, (C) granzyme A, and (D) granzyme B. Each point represents an
individual animal. (E) Human CD56+ CD3- NK cells purified and pooled from NSG-Tg(Hu-
IL15) mice were tested for their ex-vivo ability to kill MHC-I deficient K562 tumor cells by
chromium release as described in the Materials and methods, data is a plot of two
separate experiments. For statistical analysis HSC engrafted NSG-Tg(Hu-1115) mice were

compared with HSC engrafted NSG mice; * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Figure 3.5: NK cell specific antigens profiling of NK cells in NSG-Tg(Hu-IL15) mice.
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Figure 3.5: NK cell specific antigens profiling of NK cells in NSG-Tg(Hu-IL15) mice.

NSG or NSG-Tg(Hu-IL15) mice 6 to 8 weeks of age were irradiated (200 cGy) and

injected i.v. with 100,000 CD34+ HSC derived from umbilical cord blood. At 12 weeks

post human HSC engraftment, blood was analyzed by flow cytometry for human

CD56+CD16+ CD3- NK cell surface receptors; (A) natural cytotoxicity receptors, (B) NKG
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family molecules, (C) killer cell immunoglobulin-like receptors and (D) maturation markers
CD8 and CD57. Each point represents an individual animal. The TSNE 2D scatter plots
show the flow cytometry analysis for expression levels (red, high; blue, low) of the surface
markers. For statistical analysis HSC engrafted NSG-Tg(Hu-IL15) mice were compared

with HSC engrafted NSG mice; * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Growth of patient derived xenograft (PDX) melanoma is delayed in HSC engrafted
NSG-Tg(Hu-IL15) mice.

With the improved development and function of NK cells in HSC engrafted NSG-Tg(Hu-
IL15) mice, we next evaluated the growth kinetics for PDX melanoma in these mice
(Figure 3.6). We observed that tumors transplanted into unengrafted NSG-Tg(Hu-IL15)
mice and NSG mice grow with similar kinetics (Figure 3.6A). However, after HSC,
engraftment there is a significant reduction in tumor growth in NSG-Tg(Hu-IL15) mice
compared to the NSG mice. To determine what was driving the observed reduction in
tumor growth kinetics, we interrogated the tumors for changes in the human immune cell
repertoire and phenotype. There is no significant difference in the percentages and
numbers of human CD45+ cells (Figure 3.6C), human CD3+ T cells (Figure 3.6D), and
human CD8+ T cells (Figure 3.6E). However, the was a marked increase in NK cell
percentages and numbers within the tumors of NSG-Tg(hu-IL15) mice compared to NSG
mice (Figure 3.6F). Similar proportions of NK cells isolated from the tumor
microenvironment of NSG-Tg(Hu-IL15) express functional markers CD69, CD8 and
NKG2D, and produce granzyme A and granzyme B (Figure 3.6G) when compared to
NSG mice. However, NK cells from the tumors in NSG-Tg(Hu-IL15) mice showed better

capacity to produce perforin compared to NSG mice (Figure 3.6G).
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Figure 3.6: PDX melanoma grows with reduced kinetics in HSC engrafted NSG-Tg(Hu-
IL15) mice.
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Figure 3.6: PDX melanoma grows with reduced kinetics in HSC engrafted NSG-
Tg(Hu-IL15) mice. Six to 8 week old NSG (n=11) and NSG-Tg(Hu-IL15) mice (n=10)
were left unmanipulated or engrafted with human HSCs were transplanted
subcutaneously with PDX melanoma as described in the Materials and methods. Tumor
growth kinetics were monitored in (A) non-engrafted (n/e) and (B) HSC engrafted mice.
Tumors were recovered from tumor-bearing HSC engrafted mice and analyzed for the
frequency and number per gram of tumor of (C) human CD45+ cells, (D) human CD3+ T
cells, (E) human CD8+ T cells and (F) CD56+CD16+ CD3- NK cells. (G) the NK cells
infiltrating the tumor microenvironment were also monitored for surface production of
CD69, CD8, NKG2D and the capacity to produce granzyme A, granzyme B and perforin.
Each point represents an individual animal. For statistical analysis HSC engrafted NSG-
Tg(Hu-IL15) mice were compared with HSC engrafted NSG mice; * p<0.05, ** p<0.01, ***

p<0.001, **** p<0.0001. Representative data of two experiments
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CD8+ T cells are not necessary for the reduced growth rates of the PDX melanoma
in NSG-Tg(Hu-IL15).

IL15 is important for NK cell development and function and memory CD8+ T cell
maintenance (Patidar et al., 2016). We next investigated the potential role of CD8+ T cell
function in the reduced rate of tumor growth observed in NSG-Tg(hu-IL15) mice (Figure
3.7A). HSC-engrafted NSG-Tg(Hu-IL15) mice and NSG mice were implanted
subcutaneously with 2.5 million PDX melanoma cells. When the tumor became palpable,
CD8+ T cells were depleted from half of the NSG-Tg(Hu-IL15) mice using OKT-8
depleting antibody as described in the Materials and methods. Depletion of CD8+ T cells
in the PDX melanoma bearing NSG-Tg(Hu-IL15) mice did not significantly change the
tumor growth rates as compared to control treated HSC-engrafted NSG-Tg(Hu-IL15) mice
(Figure 3.7B). Within the tumor microenvironment, NSG-Tg(Hu-IL15) mice maintain
higher NK cell numbers and percentages than those in the tumors of NSG mice
irrespective of CD8+ T cell state (Figure 3.7F). These data suggest that the CD8 T cells
are not necessary for the reduced growth rate of the PDX melanoma HSC-engrafted

NSG-Tg(Hu-IL15) mice.
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Figure 3.7: Reduced tumor growth kinetics in NSG-Tg(Hu-IL15) is not driven by CD8+ T

cells.
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Figure 7. Reduced tumor growth kinetics in NSG-Tg(Hu-IL15) is not driven by CD8+

T cells. HSC engrafted NSG and NSG-Tg(Hu-IL15) mice were transplanted

subcutaneously with PDX melanoma as described in the Materials and Methods. the

NSG-Tg(Hu-IL15) mice were then either left unmanipulated or depleted of CD8+ T cells

using an OKT-8 antibody. (A) Experimental design and treatment schedule for OKT-8

depletion of CD8+ T cells. (B) tumor growth kinetics were then monitored in the mice. The

tumors were harvested from the mice and analyzed for the frequency and number per
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gram of tumor by flow cytometry of (C) human CD45+ cells, (D) human CD3+ T cells, (E)
human CD8+ T cells and (F) CD56+CD16+ CD3- NK cells. Each point represents an
individual animal. For statistical analysis CD8+ T cells depleted NSG-Tg(Hu-1115) mice
were compared with NSG-Tg(Hu-IL15) and NSG mice; * p<0.05, ** p<0.01, *** p<0.001,

wxxk 20,0001,
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Partial depletion of human NK cells from HSC-engrafted NSG-Tg(Hu-IL15) mice
results in faster growth kinetics for the PDX melanoma.

To determine if the NK cells were mediated the delay in PDX melanoma growth observed
in NSG-Tg(Hu-IL15) mice, NK cells were depleted using an NKp46 depleting antibody.
Tumor growth kinetics were compared to HSC-engrafted NSG-Tg(Hu-IL15) and NSG
mice that were not treated with the anti-NKp46 antibody (Figure 3.88). Although the anti-
NKp46 antibody did not completely deplete all the NK cell within the NSG-Tg(Hu-IL15)
mice, the partial depletion led to partial rescue of tumor killing (Figure 3.8B). Within the
tumor microenvironment, the depletion of NK cells did not affect the percentages and
numbers of human CD45+ cells (Figure 3.8C) and human CD3+ T cells (Figure 3.8D).
The depletion however lowered the percentage and number so NK cells within the tumor
microenvironment to levels similar to those in NSG mice (Figure 3.8F), further suggesting
that tumor killing in NSG-Tg(hu-IL15) mice was a result of not just an increase in NK cell

numbers but also of improved NK cell function.
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Figure 3.8: Reduced tumor growth kinetics in NSG-Tg(Hu-IL15) partially restored by the
depletion of NKp46+ NK cells.
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Figure 3.8: Reduced tumor growth kinetics in NSG-Tg(Hu-IL15) partially restored
by the depletion of NKp46+ NK cells. HSC engrafted NSG and NSG-Tg(Hu-IL15) mice

were transplanted subcutaneously with PDX melanoma as described in the Materials and
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methods. The NSG-Tg(Hu-IL15) mice were then either left unmanipulated or partially
depleted of NK cells using an NKp46 depleting antibody. (A) Experimental design and
treatment schedule for NK cell depletion. (B) tumor growth kinetics were then monitored
in the mice. The tumors were harvested from the mice and analyzed for the frequency
and number per gram of tumor of (C) human CD45+ cells, (D) human CD3+ T cells, and
(E) CD56+CD16+ CD3- NK cells. Each point represents an individual animal. For
statistical analysis NKp46+ NK cells depleted NSG-Tg(Hu-IL15) mice were compared
with NSG-Tg(Hu-IL15) and NSG mice; * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.

Representative data of two experiments.
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Discussion
As the immunodeficient mouse strains used to generate humanize mice continue to
advance, these models are becoming invaluable preclinical tools for biomedical research,
and more recently useful for immuno-oncology both in drug development and
immunotherapy assessment (De La Rochere et al., 2018; Walsh et al., 2017). Although
humanized mice have become progressively more sophisticated, the current iteration of
humanized mice based on the NSG strain show low frequencies and impaired functional
development of circulating human NK cells (Shultz et al., 2012). The lack of efficient
human NK cell development in NSG mice was hypothesized to be a result of deficiency
in human IL15, which is required for human NK cell development and a lack of species
cross-reactivity for mouse IL15 (Pek et al., 2011). We tested this hypothesis by the
transgenic expression of human IL15 in NSG mice. The transgene generated using a
BAC containing the human IL15 gene under the human IL15 promoter, lead to the
expression of circulating human IL15 at 18.8 + 1.7 pg/mL which was within the
physiological range found in healthy donors (Lamana et al., 2010). NSG-Tg(Hu-IL15)
mice engraft with human HSC, show overall good survival post engraftment and support

the enhanced development of human NK cells.

IL15 is a key regulator of NK cell biology, including their generation, maintenance and
function (Rautela and Huntington, 2017; Waldmann, 2013). Indeed the IL15 receptor
complex made up of IL2r3 and IL2ry chains are assembled on the surface of the NK cell
progenitor and are maintained at high levels throughout the NK cell’s life (Carotta et al.,

2011; Delconte et al., 2016). Loss of IL15 in mice leads to severe reduction in NK cell
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numbers(Huntington, 2014). Also, the administration of recombinant human IL15 into
reconstituted Balb/c”yc’- mice and expression of human IL15 in NOG both lead to a
significantly improved human NK cell development and/or survival (Katano et al., 2017;
Pek et al., 2011). Similarly, the NSG-Tg(Hu-1L15) show improved NK cell frequency in the
periphery and tissues that occur very early post HSC reconstitution and is sustained. In
line with enhanced maturation and function within HSC engrafted NSG-Tg(Hu-IL15), the
NK cells in the blood and spleen have better capacity to produce granzymes and perforin
and improved expression of multiple phenotypic and functional markers including the
activation receptors NKp46, NKG2D, and CD94 than those generated in non-transgenic
NSG mice. We however observed the up regulation of the inhibitory receptor NKG2A and
down regulation of the activation receptor NKG2C. Elpek et al. observed in mice that while
transient stimulation by IL15/IL15Ra increased the numbers and enhanced their effector
function, sustained stimulation lead to accumulation of mature NK cells which show
impaired functionality with an altered balance in activation and inhibitory receptors (Elpek
et al., 2010). Certainly, in NOG-IL-15 Tg mice, altered phenotypic receptor expression
and reduction in in-vitro cytotoxicity activity were observed (Katano et al., 2017). In our
model however, although we see altered activating/inhibitory receptor profile for some
receptors when compared to NK cells generated in NSG non-transgenic mice, we also
observe improved capacity for cytotoxic activity (with the observed improvement in
perforin and granzyme A/B production) and NSG-Tg(Hu-IL15) human NK cells being able
to ex-vivo kill K562 cells with similar efficiency as those from human PBMC. HSC
reconstituted NSG-Tg(Hu-IL15) mice were also able to significantly control PDX

melanoma tumor growth than NSG mice. Together, these data suggest that while the
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sustained expression of human IL15 may be impacting the phenotypic receptor profile,
the effect may not be pronounced enough to drive the NK cells towards senescence
and/or anergy with impaired functionality. We believe this observed difference in
transgene behavior could be due to the near physiological levels of IL15 produced in the
NSG-Tg(Hu-IL15) mice compared to the NOG-IL-15 Tg (Katano et al., 2017) and the

human S/RPA and IL15 knock-in mice (SRG-15) (Herndler-Brandstetter et al., 2017).

We also show that NK cell generated in HSC-engrafted NSG-Tg(Hu-IL15) mice were able
to infiltrate the tumor microenvironment at a significantly higher level than in tumor-
bearing NSG non-transgenic mice. Additionally, the observed reduction in tumor growth
was driven primarily by NK cells and not CD8+ T cells, which corresponds to the
enhanced NK cell development, maturation, and function in NSG-Tg(Hu-IL15) mice. The
observed lack of effect on tumor growth with the depletion of CD8 T cell was unexpected
but not surprising. Although they are important for tumor immune surveillance, the CD8 T
cells within the TME are dysfunctional (Crespo et al., 2013) and while the presence of
circulating IL15 in humanized mice had the potential of improving memory CD8+ T cell
development and functional maturation as observed by Herndler-Brandstetter et al., we
did not observe any change in CD8 T cell phenotype and function in circulating CD8+ T
cell and therefore did not expect improvement in CD8+ T cell function within the TME
(Herndler-Brandstetter et al., 2017). The improvement in NK cells within NSG-Tg(Hu-
IL15) mice creates a platform within immuno-oncology for the in-vivo study of NK cells in
tumor-immune system interactions testing novel immunotherapies targeting NK cells. The

reduction in tumor growth though significant was not as robust as would have been
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expected which points to potential NK cell dysfunction within the TME. Although we were
not able to interrogate this line of thinking in the current study. The NSG-Tg(Hu-IL15)
mouse may provide a potential model for understanding NK cell dysfunction within

tumors.

Multiple NK cell based therapies are currently approved for use, in clinical trials or under
development that would benefit from an in-vivo model that can be harnessed to better
understand their mechanisms of action, to evaluate their efficacy before advancement to
clinical trial and from personalized medicine to interrogate if a patient would benefit from
specific NK cell-based treatment for their particular malignancy. For example,
approximately 21% of primary melanoma and 44% of metastatic melanoma samples lack
expression of HLA class | antigen, an important component for CD8+ T cell mediated
therapies (Kageshita et al., 1993). Additionally it has been shown that check point inhibitor
based therapies such as PD-1 and its ligand PD-L1 have a durable response rate of 20
— 50% in metastatic melanoma (Page et al., 2014) owing largely to acquired resistance
to the checkpoint inhibitors which is driven by loss of HLA class | (O'Donnell et al., 2017;
Zaretsky et al., 2016). NK cells are therefore effective candidates for HLA class | non-
expressing melanoma tumors (Besser et al., 2013; Parkhurst et al., 2011; Sottile et al.,

2016).

In summary we show here, a novel NSG mouse expressing human IL15 at physiological

levels that is able to support better human NK cell development and function creating a
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platform for the in-vivo study of human NK cell biology and for the development and

preclinical evaluation of NK cell targeting immunotherapies.
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Chapter IV

NSG-SGM3 mice as a preclinical model forimmune oncology

Introduction
Manipulation of a patient’s immune system with the hopes of controlling and/or eliminating
tumor burden is a concept that is decades old, but one that has not always been
successful (Oiseth and Aziz, 2017). With improved understanding of the human immune
system homeostasis, function and regulation, immunotherapies are currently
transforming cancer treatment with significant improvements in long-term survival rates
among patients with varying tumor types (Greppi et al., 2019; Marshall and Djamgoz,
2018; Nozawa et al., 2018; Weiss et al., 2019). There are however many patients who do
not experience durable benefits from current immunotherapies (Pol and Kroemer, 2018;
Winder and Viros, 2018) and efforts to identify and develop novel agents and
combinations of treatments that are more efficacious to a broader patient population are
underway. There is therefore an urgent need for preclinical and predictive models to drive

the immunotherapeutic drug discovery and development.

Mouse models and mouse tumors models such as syngeneic mouse tumor models,
genetically engineered mouse models (Kersten et al.,, 2017) and chemically induced
mouse models have played pivotal roles in understanding the immune system and its
interaction with tumors and for evaluating immunotherapies (Khaled and Liu, 2014; Oiseth
and Aziz, 2017). A major disadvantage to mouse models however is that the mouse

immune system does not fully recapitulate human immune response with regard to
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function, regulation and phenotype (Lux and Nimmerjahn, 2013). Humanized mice, which
replicate a functional human immune system, bearing human tumors, are an alternative
to traditional mouse models and are highly desirable as preclinical models. The
generation of humanized mice bearing human tumors for immuno-oncology experiments
requires immunodeficient mice, with impaired NK, T, and B cells so as to prevent rejection
of the reconstituted immune system. The NSG mouse model is considered the gold
standard for humanization and will support engraftment with human PBMC, fetal liver and
thymic tissues, and HSC. Human tumors can be implanted into NSG mice bearing human
immune systems to generate the human tumor-bearing humanized mice (Wang et al.,
2018). While both human tumor cell lines and PDX tumors have been used in humanized
mice for studies, PDX have been associated with higher predictive value for therapeutic
responses to oncology treatment in patient including targeted therapies (Rosfjord et al.,

2014).

In this study we evaluated the use of NSG-SGM3 BLT mice to interrogate human immune
system’s interaction with PDX melanoma tumor and its response to immunotherapies.
NSG-SGM3 mice are NSG mice constitutively expressing human stem cell factor (SCF),
granulocyte macrophage colony stimulating factor (GM-CSF), and IL3. The presence of
the 3 transgenes improves cell frequencies and function of human neutrophils (Miller et
al., 2013) and granulocytes (Coughlan et al., 2016), myeloid cells (especially myeloid
dendritic cells), and FoxP3+ regulatory T cells (Billerbeck et al., 2011) upon reconstitution
with human CD34+ HSC. Furthermore, NSG-SGM3 mice exhibit significant improvement

in engraftment of AML cells as well as preleukemic myeloid cell cultures (Wunderlich et
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al., 2010). For the studies described below, we implanted NSG-SGM3 with fetal thymic
and liver tissues and autologous liver derived CD34+ HSC to generate BLT mice. The
NSG-SGM3 BLT mice were then implanted with allogeneic PDX melanoma cells. The
NSG-SGM3 BLT mice supported the growth of the PDX melanoma graft. The tumor graft
was infiltrated by the reconstituted human immune system and most notably, the graft
responded to immunotherapy in a human immune system specific manner with reduction
in tumor growth kinetics. Our data indicate that NSG-SGM3 BLT mice bearing PDX
tumors are a potential model for studying human immune system interactions and for

testing of novel immunotherapies and combinational therapies.

Materials and methods

Mice

NSG-SGM3 mice were obtained from The Jackson Laboratory (ME). All animals were
housed in micro-isolator cages in a pathogen free facility, given autoclaved food and
maintained on sulfamethoxazole-trimethoprim medicated water (Goldline Laboratories,
FL) and acidified autoclaved water on alternate weeks. All experiments were performed
in accordance with the guidelines of the Institutional Animal Care and Use Committee of
the University of Massachusetts Medical School and the recommendations in the Guide
for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources,

National Research Council, National Academy of Sciences, 1996).
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Generation of BLT mice

Male and female NSG-SGM3 mice between 6—-10 weeks of age were irradiated with 100
cGy and implanted with human fetal thymic and liver fragments under the kidney capsule.
The fetal tissues (gestational age 16-20 weeks) were obtained from Advanced
Bioscience Resources (CA). The thymus and liver tissues were washed with RPMI
supplemented with penicillin G (100 U/ml), streptomycin (100 mg/ml), fungi-zone (0.25
mg/ml), and gentamycin (5 mg/ml), and then 2 mm? fragments of the fetal thymus and
liver were implanted under the renal subcapsular space. The mice were then injected
subcutaneously with gentamycin (0.2 mg) and cefazolin (0.83 mg) post-surgery. To obtain
fetal HSC, fetal liver tissue was processed as previously described (Aryee et al., 2014).
Briefly the fetal liver was processed into 1 x 1 mm? and digested in GIBCO liver digest
medium (Thermofisher, MA). The digested liver cells were then gradient separated using
Histopaque 1077 (Sigma-Aldrich, MO). The buffy coat representing the human leukocyte
population (including CD34* HSCs) was collected and depleted of CD3+ T cells. Post
CD3+ T cell depletion, a cell suspension containing 1 X 10° CD34+ fetal liver HSC was

injected into the tail vein of mice between 4 and 6 h after irradiation.

Antibodies and flow cytometry

For analysis of human cells using flow cytometry the following antibodies were purchased
from BD Biosciences, Inc. (San Jose, CA), eBiosciences (San Diego, CA), BioLegend
(San Diego, CA) or R&D systems (Minneapolis, MN): mouse CD45 (30-F11), human
CD45 (2D1), CD3 (UCHT1), CD20 (2H7), CD33 (WM53), CD4 (RPA-T4), CD8 (RPA-T8),

CD25 (MA-251 and 2A3), CD127 (A019D5), FoxP3 (206D), CD45RA (HI100), CCR7
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(G043H7), PD-1 (EH12.2H7), CTLA-4 (L3D10), CCL22 (IC3361P), GITR (eBIOAITR),
CD33 (P67.6), CD14 (63D3), PDL-1 (29E2A3) and HLADR (L243). Single cell
suspensions of spleen and PDX tumor were prepared from the tissues harvested from
mice. To process the tumor, it was first minced in a weigh boat containing complete RPMI
media supplemented with 1X penicillin, streptomycin and DNase. Using the plunger of a
5 mL syringe, the minced tumor tissue was pushed through a 70 um sieve to obtain a
single cell suspension. From the single cell suspensions, 0.5 to 1x10° cells were washed
with FACS buffer (PBS with 2% FBS and 0.02% sodium azide) and incubated with rat
anti-mouse CD16/CD32 (clone 2.4G2) for 5 min at 4°C to block Fc binding. The cells were
then incubated with antibodies for the indicated surface markers for 20 min at 4°C in the
dark. The stained samples were then washed with FACS buffer and treated with red blood
cell lysis buffer for 5 minutes at room temperature using 0.8% NH4CI, 10 mM KHCO3, 0.1
mM EDTA solution in water. The cells were then washed with FACS buffer and fixed with
1% paraformaldehyde. For human Tregs detection, the samples were stained for cell
surface markers as described above and then incubated in eBioscience
fixation/permeabilization buffer for 60 min. The cells were then stained with antibody
against human FoxP3 in eBioscience permeabilization buffer for 60 min and washed with
the appropriate buffers. At least 50,000 events of live gated events were collected on
LSRII flow cytometer (BD Biosciences, CA) using the BD FACS DIVA software. Data

analysis was performed with FlowJo software (Tree Star, Inc., OR).
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PDX tumor transplants

Patient melanoma tumors were obtained from melanoma surgical specimens after written
informed consents were obtained from the patients before tumor excision as part of the
Human Avatar Bank at the University of Massachusetts Medical School (Worcester, MA).
The PDX was then processed into 2x2 mm? pieces and implanted subcutaneously at the
right flank of NSG mice to expand tumor and delete human immune cell infiltrates: they
were passaged at least 5 times to deplete residual patient leukocytes. To generate the
PDX bearing NSG-SGM3 BLT model, patient-derived tumors harvested from NSG mice
were finely minced and processed into a single cell suspension. The tumor cells were
counted and 2.5 X 10° tumor cells were inoculated subcutaneously at the right flank of
engrafted NSG-SGM3 mice. Cells from the donor tissues used in BLT generation and the

PDX tumor were sent out for HLA typing (Prolmmune, UK).

Tumor experiments and treatments

Treatment was started when the tumors reached 50-100 mm3 in volume. Control
phosphate buffered saline (PBS; Invitrogen, CA) or corresponding isotype control
(BioXcell, NH) was injected intraperitoneally or intravenously depending on the treatment
drug. Pembrolizumab (anti-PD-1; Merck, NJ) and its isotype control (human IgG4) were
injected intraperitoneally or intravenously at 10 mg/kg for the first dose, followed by 5
mg/kg (i.p. or i.v.) dose every 5 days until the study end point. Ipilimumab (anti- cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4); BMS, NY) and its isotype control (human
IgG1) were injected i.p. at 3 ug/kg body weight dose every 5 days until the end of study.

For CpG-ODN and anti-IL10R antibody treatment, CpG-ODN (2006) (Invivogen, CA) was
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injected intratumorally and anti-IL10R antibody were administered i.p. at 50 nug and
100ug respectively every 5 days until the end of study using PBS as vehicle control.
Tumors were measured by calipers every 3 to 4 days, and volumes (mm?) were calculated
by (length X width?)/2. The maximum tumor volume per mouse was not allowed to get

beyond 4000 mm3.

Statistical Analyses

To compare individual pair-wise groupings, we used unpaired t-tests and Mann-Whitney
test for parametric and non-parametric data, respectively. Three or more means were
compared by two-way ANOVA and the Bonferroni multiple comparison test. Significant
differences were assumed for p values <0.05. Statistical analyses were performed using

GraphPad Prism software (version 8.0, GraphPad, CA).

Results.

NSG-SGM3 BLT permit the growth and development of melanoma PDX tumors in
the presence of partially HLA mismatched human immune system.

An important consideration for the use of BLT mice with PDX tumors is that in most cases
the implanted tumor will not be matched to the engrafted human immune system.
Therefore, the tumor will be recognized by the immune system as an allograft, which
raised the possibility that the engrafted human immune system will reject the implanted
tumors as allografts, as has been demonstrated in the rejection of stromal tissue allografts
in humanized mice- reviewed in (Kenney et al., 2016). For humanized BLT mice to be

used in immuno-oncology studies, the allogeneic PDX tumor should be able to grow in
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the presence of the allogeneic human immune system. To test the ability of a tumor to
grow in BLT mice, PDX melanoma tumors were implanted in engrafted NSG-SGM3 BLT
mice and unengrafted NSG-SGM3 mice (which should permit tumor growth) (Figure
4.1A). PDX melanoma was able to grow in both engrafted and unengrafted NSG-SGM3
mice consistently in 4 separate experiments (Figure 4.1B), although in the case of
engrafted mice, the reconstituted human immune system was partially mismatched to the
PDX melanoma tumor (Table 4.1). These finding are consistent with recent studies from
Wang and colleagues, which demonstrated that human tumor cell lines and PDX tumors
grew in NSG mice that had been engrafted with partially HLA mismatched human UCB-

HSC (Wang et al., 2018).
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Table 4.1: HLA match of CD34+ HSC donors and PDX melanoma.

CD34+ HSC donors HLA match with PDX melanoma tumor

HLA class | match; HLA-DQB1, HLA-
1 DPB1, HLA-DPA1

HLA class |l match; HLA-A, HLA-B

No HLA class | match
HLA class Il match; HLA-A

HLA class | match; HLA-DQA1, HLA-DPA1

No HLA class Il match

Table 4.1: HLA match of CD34+ HSC donors and PDX melanoma. HLA matching

between PDX melanoma and CD34+ HSC donors used in generating humanized mice.
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Given that the SGM3-BLT mice supported tumor growth, we next interrogated if the PDX
melanoma tumor would be permissive to human immune cell infiltration. Staining for
human CD45+ cells by flow cytometry (Figure 4.1C and D) and by histology (Figure
4.1E), we observed that PDX melanoma tumor recovered from SGM3-BLT mice were
infiltrated with human immune cells and no human immune cells were detected within the
tumor microenvironment of the unengrafted NSG-SGM3 mice. Together, these data show
that the PDX melanoma is able to grow in the presence of the allogeneic and functional
immune system capable of transplant rejection (Brehm and Shultz, 2012). In addition, the
immune system infiltrating the tumor microenvironment originates from the CD34+ HSC

engrafted into the mice, and not from immune cells from the original patient tumor.
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Figure 4.1: NSG-SGM3 BLT mice permit the growth of melanoma PDX tumor in the

presence of a human immune system.
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Figure 4.1: NSG-SGM3 BLT mice permit the growth of melanoma PDX tumor in the
presence of a human immune system. (A) NSG-SGM3 BLT and unengrafted NSG-
SGM3 mice were transplanted subcutaneously with PDX melanoma tumor. (B) The mice
were monitored for tumor growth and the tumor measurements were calculated as (length
x width?)/2, where L is the length, and W is the width of the tumor. The tumors were
harvested at the end of the study and analyzed by flow cytometry (C and D) and
immunohistochemistry (E) for human CD45+ cell infiltration when the PDX melanoma

tumors approached 1000 mm3. Tumor growth curve is a representative plot of 4
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experiments. Each flow cytometry data point represents an individual animal, and the
data are from a total of 4 independent experiments. * p<0.01, ** p<0.01, *** p<0.001, ****

p<0.0001.
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We next tested if the presence of the PDX tumor graft would alter the human immune cell
engraftment and chimerism within the periphery of NSG-SGM3 BLT mice. We compared
human immune cell chimerism between the spleens of reconstituted NSG-SGM3 mice
bearing PDX melanoma or without tumor grafts. We observed a minor decrease in the
levels of human CD45+ cells in the spleens of tumor-bearing NSG-SGM3 BLT mice
(Figure 4.2A), as compared to non-tumor-bearing NSG-SGM3 BLT mice. However, we
observed no differences in the levels of human CD3+ T cells (Figure 4.2B),T cell subsets
including conventional CD4+ T cells, CD8 T cells (Figure 4.2D) and regulatory T cells
(Figure 4.2E), CD33+ innate cells (Figure 4.2B) and CD14+ monocyte/macrophage cell
populations (Figure 4.2F) between NSG-SGM3 BLT mice with or without human PDX
melanoma. These data suggest that the presence of the PDX melanoma does not impact

the human immune cell chimerism within the periphery of NSG-SGM3 BLT mice.
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Figure 4.2: PDX melanoma tumor implantation does not impact human leukocyte
chimerism in engrafted SGM3-NSG-BLT mice.
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Figure 4.2: PDX melanoma tumor implantation does not impact human leukocyte
chimerism in engrafted SGM3-NSG-BLT mice. BLT mice were generated using NSG-

SGM3 mice as described in the Materials and methods. PDX melanoma tumor was then
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transplanted subcutaneously into half of the mice after confirmation of human immune
system reconstitution. When the PDX melanoma tumors approached 2000 mm?3, the
spleens of the mice were analyzed by flow cytometry. (A) The gating strategy used to
define immune cell subsets in the spleen and tumor is shown for levels of (B) human
CD45+ cells, (C) human CD3+ T cells, (D) human CD33+ innate cells, (E) human
conventional CD4+ and human CD8+ T cells, (F) human FoxP3+ Treg cells and (G)
human CD14+ monocyte/macrophage cells (TAM). Each point represents an individual
animal, and the data are from a total of 3 independent experiments. * p<0.01, ** p<0.01,

% 520,001, *** p<0.0001.
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Immune cell infiltration into PDX melanoma tumors of NSG-SGM3 BLT mice.

The immune cells infiltrating the tumor microenvironment determine the immune
suppressive nature of the tumor and shape the ability of tumor to respond to different
immunotherapies. We therefore interrogated the immune cell infiltrates within the tumor
using flow cytometry. We observed similar levels of human T cells infiltrating the tumor
(Figure 4.3A), however the proportion of CD8+ T cells was significantly higher in the
tumor (Figure 4.3B) compared to the spleen of the same NSG-SGM3 BLT mouse. The
tumor microenvironment also show a significantly higher frequency of FoxP3+ Treg
(Figure 4.3C) and CD14+ TAM (Figure 4.3E). Although the NSG-SGM3 BLT mice have
improved Treg reconstitution (Billerbeck et al., 2011), we hypothesize that the increased
Treg proportions of CD4+ T cells is due to chemokine gradient and/or conversion of
conventional CD4+ T cells within the tumor microenvironment. CCL22 is a chemokine
known to attract Tregs (Ishida and Ueda, 2006; Morton et al., 2016). One of the major
producers of CCL22 are innate cells particularly monocyte/macrophage cells (Kimura et
al., 2019; Wertel et al., 2015). Given that the levels of human macrophages infiltrating the
PDX melanoma are increased (Figure 4.3E), and the TAMs ability to produce
chemokines important for Treg chemotaxis including CCL22, thereby contributing to Treg
immune suppression within the tumor (Anz et al., 2015; Kimura et al., 2019), we
determined the expression levels of human CCL22 produced by macrophages within the
spleen and tumor of PDX melanoma bearing NSG-SGM3 BLT mice. There was a
significant increase in tumor associated macrophages producing CCL22 compared to the
macrophages isolated from the spleens of the same mice (Figure 4.3F). The increased

production of CCL22 within the TME would indicate the possibility of increased attraction

144



of Treg into the tumor, potentially accounting for the increase Tregs observed within the

TME.
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Figure 4.3: Human immune cell populations within the spleen and tumors of PDX
melanoma bearing NSG-SGM3 BLT mice.
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Figure 4.3: Human immune cell populations within the spleen and tumors of PDX
melanoma bearing NSG-SGM3 BLT mice. Spleens and tumors were harvested from
PDX melanoma bearing NSG-SGM3 BLT mice and processed into single cell
suspensions. The cell suspension was then stained for flow cytometry as described in the
Materials and methods. The percentages of (A) CD3+ T cells, (B) CD4+ and CD8+ T
cells, (C) FoxP3+ Treg cells, (D) CD33+ innate cells, and (E) CD14+
monocyte/macrophage cells within human CD45+ cells are shown. Also shown are (F)
the percentage of CD14+ monocyte macrophage cells expressing CCL22. Each data
point represents an individual animal, and the data are from a total of 3 independent

experiments. * p<0.01, ** p<0.01, *** p<0.001, **** p<0.0001.
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We next evaluated the phenotype of conventional CD4+ and CD8+ T cells from the spleen
and tumor of NSG-SGM3 BLT mice by staining for markers associated with T cells
exhaustion, including PD1, CTLA-4, and glucocorticoid-induced TNFR-related protein
(GITR) (Grosso et al., 2009; Leng et al., 2006; Norris et al., 2012). We observed a
significant increase in checkpoint marker expression by T cells within the PDX tumor
compared to the spleen from PDX melanoma bearing NSG-SGM3 BLT mice. Particularly,
we observed significant increases in the expression of CTLA-4 by conventional CD4+ T
cells (Figure 4.4E) and also in PD-1 (Figure 4.4A and D), and GITR (Figure 4.4C and
F) by conventional CD4+ and CD8+ T cell respectively. Together, these data show that a
significant proportion of CD4+ and CD8+ T cells infiltrating a PDX melanoma in NSG-
SGM3 BLT mice express immune checkpoint markers, contributing to an immune

suppressive and dysfunctional tumor microenvironment.

147



Figure 4.4: Tumor infiltrating T cells express high frequencies of checkpoint inhibitory
receptors.
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Figure 4.4: Tumor infiltrating T cells express high frequencies of checkpoint
inhibitory receptors. Spleens and tumors were harvested from PDX melanoma bearing
NSG-SGM3 BLT mice when the tumor volume approached 2000 mm? and processed into
single cell suspensions which were analyzed by flow cytometry as described in the
Materials and methods. The percentage of conventional CD4+ and CD8+ T cells
expressing (A and B) PD1, (C and D) CTLA-4 and (E and F) GITR respectively are shown.
Each data point represents an individual animal and the data are from a total of 3

independent experiments. * p<0.01, ** p<0.01, *** p<0.001, **** p<0.0001.
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PDX melanoma tumors within NSG-SGM3 BLT mice respond to anti-PD-1
immunotherapy.

The infiltration of CD8+ T cells into the tumor microenvironment and the high expression
of PD-1 and other markers of T cell exhaustion suggested that the PDX melanoma may
be a possible target for checkpoint immunotherapy. Moreover we confirmed that the PDX
melanoma expressed PD-L1, which is used as a marker clinically for patient enroliment
in PD-1 blockade treatment (Carbognin et al., 2015) (Figure 4.5A). We asked if anti-PD-
1 antibody therapy would impact PDX melanoma growth in NSG-SGM3 BLT mice. The
PDX tumors were subcutaneously transplanted into mice and when tumor volumes
reached 50 to 100 mm3, anti-PD-1 antibody treatment commenced. Anti-PD-1 antibody
treatment led to significant reduction in PDX melanoma growth kinetics (Figure 4.5B), as
compared to BLT mice treated with an isotype control. To verify if the observed tumor
control was acting through the reconstituted human immune system, we transplanted
PDX melanoma into unengrafted NSG-SGM3 mice and treated with pembrolizumab. We
found no observable reduction in tumor growth between anti-PD-1 treated PDX
melanoma bearing NSG-SGM3 mice compared to isotype control treated mice (Figure
4.5C). We also tested another PDX melanoma tumor that showed no human leukocyte
infiltration into the TME (Figure 4.6A)- a tumor category term “cold tumors” to further
determine impact of human leukocytes on anti-PD-1 antibody therapy. The “cold” PDX-
melanoma tumor did not respond to anti-PD1therapy (Figure 4.6B), indicating the need
for human immune cell presence for tumor control action of pembrolizumab. We next
evaluated the tumor infiltrating lymphocytes between isotype and anti-PD-1 antibody

treatment of NSG-SGM3-BLT mice with tumors. We observed a significant increase in
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the proportion and frequency of human CD45+ cell within the tumor microenvironment of
mice treated with anti-PD-1 compared to isotype control (Figure 4.5D). The increase in
human CD45+ cells was also confirmed by histological staining of human CD45+ cells in
tumor sections (Figure 4.5E). We observed a significant increase in conventional CD4+
and CD8+ T cells (Figure 4.5H and I) which reflected an overall increase in T cells within
PDX melanoma following anit-PD-1 antibody treatment (Figure 4.5E). In addition, we
observed a significant decrease in CD33+ innate cells (Figure 4.5G) specifically CD14+

TAMs and Treg cells (Figure 4.5J) within the tumor upon treatment.

150



Figure 4.5: Anti-PD-1 antibody checkpoint blockade reduces PDX melanoma

growth kinetics in NSG-SGM3 BLT mice.
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Figure 4.5: Anti-PD-1 antibody checkpoint blockade reduces PDX melanoma tumor
growth kinetics in NSG-SGM3 BLT mice. Tumor-bearing NSG-SGM3 BLT mice and
unengrafted NSG-SGM3 mice were treated with anti-PD-1 antibody (Pembrolizumab) at
10 mg/kg, on day 0, followed by 5 mg/kg every 5 days or isotype control as described in
the Materials and methods. The mice were monitored for tumor growth and the
experiment ended when the isotype control treated mice neared the institutionally allowed
limits for tumor growth of 4000 mm?3. The spleens and tumors were then harvested and
processed for flow cytometry analysis. (A) PDL-1 expression by PDX melanoma (B) tumor
growth kinetics of PDX melanoma bearing NSG-SGM3-BLT mice. (C) tumor growth
kinetics of PDX melanoma bearing unengrafted NSG-SGM3 BLT mice. The spleens and
tumors of NSG-SGM3-BLT mice were analyzed for (D) human CD45+ cell infiltration, (F)
human CD3+ T cells, (G) CD33+ Innate cells, (H) conventional CD4+ T cells, (1) CD8+ T
cells, (J) FoxP3+ T cells and (K) CD14+ TAMs. (E)Tumors from NSG-SGM3-BLT mice
were also processed and analyzed by immunohistochemistry for human CD45+ cells. For
flow cytometric analysis, each data point represents an individual animal, and the data is

from a total of 3 independent experiments. * p<0.01, ** p<0.01, *** p<0.001,

p<0.0001.
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Figure 4.6: Anti-PD-1 antibody checkpoint blockade permits “cold” PDX melanoma tumor
growth in NSG-SGM3 BLT mice.
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Figure 4.6: Anti-PD-1 antibody checkpoint blockade permits “cold” PDX melanoma
tumor growth in NSG-SGM3 BLT mice. Cold melanoma tumor-bearing NSG-SGM3
BLT mice were treated with anti-PD-1 antibody (Pembrolizumab) at 10 mg/kg, on day O,
followed by 5 mg/kg every 5 days or isotype control as described in the Materials and
methods. (A) immunohistochemistry following tumor harvested for

immunohistochemistry. (B) the tumor growth kinetics over time.
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Discussion
The impact of immunotherapy in recent years, specifically immune checkpoint therapy,
for cancer has set off intense research into other immune-modulatory treatments. There
is therefore a need to understand how tumors interact with the immune system, why only
some tumors respond to immunotherapies and the mechanisms employed by those that
respond. The limited success in the use of mouse models such as GEMM in predicting
success of therapies in humans (Rangarajan and Weinberg, 2003; Sanmamed et al.,
2016) and the high cost and complexity in designing clinical trials has underscored the
need for preclinical models for development and testing of these novel and combinational
therapies in a human specific manner, a research area for which humanized mice are
becoming invaluable for (Jin et al., 2018; Wang et al., 2018; Williams, 2018; Zumwalde
and Gumperz, 2018). Here, we describe the use of the NSG-SGM3 BLT humanized
mouse model to study the interactions between the allogeneic human immune system

and PDX melanoma, and the response of PDX melanoma to immunotherapy modalities.

Ouir first goal was to determine if a PDX melanoma tumor would grow in the presence of
an allogeneic immune system reconstituted in the NSG-SGM3 BLT mice. The
functionality of the human immune systems generated in humanized mice has been
documented in experiments detailing immune response against pathogens such as
Epstein-Barr virus (EBV) and human immunodeficiency virus (HIV) (Brainard et al., 2009;
Joseph et al., 2010; Melkus et al., 2006). In addition, humanized mice have been shown
to be able to reject MHC mismatched allografts including human skin (Racki et al., 2010)

and Islets grafts (Brehm et al., 2010a; Unger et al., 2012). However, the PDX melanoma
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tumor was able to grow in our NSG-SGM3 BLT mice. The ability of the partially HLA
mismatched tumor allogeneic to the engrafted immune system in the NSG-SGM3 BLT
mice to grow strongly indicates the generation of a TME that is immunosuppressing and
recapitulates what is seen within patients TME (Davis et al., 2016; Jie et al., 2013)
indicating the sensitivity of the NSG-SGM3 BLT immune system to regulation by tumors
and enabling its potential use to understand tumor immune-evasive mechanisms and

develop therapies to overcome this immune suppression.

The PDX melanoma that grew in NSG-SGM3 BLT mice allowed human immune cell
infiltration. We confirmed that these leukocytes originated from the reconstituted immune
system and not from residual immune cells from the original patient tumor, as no immune
cells were detected in the PDX tumors isolated from unengrafted NSG-SGM3 mice. This
correlated with work done by other groups who also saw reconstituted immune cell
infiltration into tumor grafts (Capasso et al., 2019; Wang et al., 2018). Of the leukocytes
infiltrating the TME, majority were CD3+ T cells which are skewed more towards CD8+ T
cells compared to the T cell population in the spleen of the same mouse. Given the similar
immune profile between spleens of tumor-bearing and non-tumor-bearing NSG-SGM3
BLT mice, the skewing of the TME immune infiltrates toward more CD8+ T cells appears
to be due to the tumor itself. The T cells within the tumor also had higher expression of
immune checkpoint inhibitors including PD-1, CTLA-4 and GITR, an indication of
exhausted T cell state within the PDX melanoma TME. Exhausted T cells express multiple
inhibitory molecules (including PD-1, CTLA-4, Tim-3, TIGIT and LAG-3)(Ahmadzadeh et

al., 2009; Day et al.,, 2006) whose expression pattern points to different levels of
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exhaustion (Granier et al., 2017). The frequency and level of expression of these immune
inhibitory receptors have been shown to be higher in intratumoral T cells than in normal
tissue or peripheral blood (Ahmadzadeh et al., 2009), which parallels data from our PDX
melanoma bearing NSG-SGM3 BLT mice. The co-expression of many of these receptors

on a single type of T cell increases their dysfunctional state (Granier et al., 2017).

The TME of PDX melanoma isolated from the NSG-SGM3 BLT mice also showed
increased frequency of FoxP3+ regulatory T cells and tumor associated CD14+
macrophages, both of which contribute to the immune suppressive nature of the TME and
tumor proliferation and evasion of immune regulation. The increased Treg correlates with
patient TME data and usually signals poor prognosis in cancer due to Treg-mediated
suppression of anti-tumor immunity, which benefits the tumor (Bates et al., 2006; Bohling
and Allison, 2008; Curiel et al., 2004). Tumor associated macrophages also produce
tumor-stimulating molecules such as IFN-y, angiotensin and IL1b that support tumor
growth and metastasis (Wang et al., 2017). Additionally, tumor associated macrophages

can recruit Treg into the TME (Wang et al., 2019).

With the higher expression of PD-1 by T cells within TME of our tumor-bearing humanized
mice and PD-L1 expression by the PDX melanoma we tested the capacity for PDX
melanoma to respond to anti-PD1 checkpoint immunotherapy. Pembrolizumab treatment
led to reduction in tumor growth kinetics, suggesting release of immune suppression thus
enabling of the immune system to mount an immune response against the PDX

melanoma. The observation of immune response is consistent with data from anti-PD-1

156



antibody treatments in tumor-bearing humanized mice (Capasso et al., 2019; Rosato et
al., 2018; Wang et al., 2018). Our data also show that the response to pembrolizumab
treatment was dependent on human leucocyte infiltrating the TME as tumor killing effect

of pembrolizumab was absent in a cold melanoma tumor that lacked leukocyte infiltration.

As shown in patient data (Ribas et al., 2016), we observed an increase in CD8+ and
conventional CD4+ T cells within the TME of our PDX melanoma bearing humanized mice
on treatment with pembrolizumab. Consistent with existing literature, we also observed a
reduction in Treg and TAM on anti-PD-1 antibody treatment (Li et al., 2018a; Rosenblatt
et al., 2011). Lastly, we observed PDX melanoma tumor growth reduction on treatment
with Ipilimumab and a combination of Ipilimumab and pembrolizumab and the
combinational treatment of the TLR9 agonist CpG and anti-IL10R antibody, highlighting
the ability of the reconstituted immune system within our HIS mice to be rejuvenated

against PDX tumors by clinically relevant immunotherapeutic agents.

In summary, our data show that PDX tumor-bearing NSG-SGM3 BLT mouse model is a
powerful tool for studying the human immune system interactions with tumors. This
model may also be useful for testing novel therapies, for understanding the mechanism
of action of immune modalities, and equally important, for testing immune response to

new therapies before clinical trials.
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CHAPTER YV

Discussion:
The field of tumor immunology has seen an exponential growth centered around the idea
of cancer immune surveillance where as part of its main roles, the immune system serves
to protect the host by eliminating cancers. The concept of immune surveillance
encompasses three main stages: elimination (where the immune system rejects
cancerous cells), equilibrium (where the cancer persists but is controlled by the immune
system and therefore in a dormant phase) and escape (where the immune system fails
to control cancer growth) (Dunn et al., 2004). The idea of the immune system policing
recalcitrant transformed cells was initially hard to accept as the immune system was built
around discriminating self from non-self, making it near impossible to identify tumors
which arose from self-tissues (Bretscher and Cohn, 1970). With the realization that the
immune system recognizes self-danger signs with sensing molecules including TLRs and
RLRs, the thinking shifted (Medzhitov et al., 1997; Orange et al., 1995; Salazar-Mather
et al., 1996). The importance of the immune system’s role in tumor surveillance was
further helped by the advent of mouse models lacking one or more immune functions
validating predicted increases in their susceptibility to cancer (Kaplan et al., 1998;
Pantelouris, 1968; van den Broek et al., 1996). The identification of human tumor antigens
and antigen specific T cells validated the premise of tumor immune surveillance (Gros et

al., 2016; Srivastava, 2015).

Following the success of checkpoint inhibitors in treating some cancers, the attempt at

discovering additional ways to harness the immune system for tumor elimination have

158



escalated, creating the need for small-animal models in which to test new therapies and
interrogate their mode of action. Studies on human immuno-oncology have historically
relied on rodent tumor models including syngeneic mice and on ex-vivo characterization
of human cells (Khaled and Liu, 2014; Ruggeri et al., 2014). However, these are not
without limitations. In-vitro studies do not capture the 3D cellular dynamics that may play
an important role in shaping the initiation, progression and regulation of the malignancy.
Also, rodent models do not fully recapitulate the human immune system and its
interactions due to inherent inter-species variation. Failure to account for some of the
species variations have resulted in deleterious clinical trial outcomes (Mestas and

Hughes, 2004; Shin et al., 2011).

Humanized mice bearing patient derived xenograft tumors fill this niche requirement for
a small-animal model that can recapitulate both the 3D cellular microenvironment and
human immune system needed for human immune oncology studies. My thesis examined
the use of humanized mice to study human immune system PDX tumor interactions. In
chapter Il, | show the development of the NSG-TLR4™!" mice for interrogating human
TLR4 specificimmune response. | then show the generation of an NSG mouse transgenic
for human IL15 important for human NK cell reconstitution on engraftment with human
CD34+ HSCs in chapter Ill and lastly, | validated the NSG-SGM3-BLT mouse bearing
melanoma as a model system for interrogating human immune system PDX tumor

interaction and for immunotherapy evaluation.
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TLRs play an important part in sensing pathogenic agents and danger signals thereby
activating both the innate and adaptive immune system. As a result, multiple TLR agonists
are being developed and evaluated as cancer therapeutic agents either individually or in
conjunction with other therapeutic modalities. One of the major limitations to the use of
the current humanized mice models in evaluating TLRs and more specifically TLR4
agonist for antitumor activity is the presence of murine innate immune cells within the
reconstituted immunodeficient mice that also express TLR4 and can confound data
obtained from any such studies. | showed that by deleting mouse TLR4 in NSG mice, the
resulting NSG-TLR4™!" mice once reconstituted with human immune system can respond
to LPS in a human-specific manner. Additionally, following treatment with LPS the human
immune system reduced the tumor growth kinetics of a PDX melanoma tumor providing
proof of concept for the use of the NSG-TLR4"! model in evaluating TLR4 agonists as
immunotherapy agents. For example, in the cases of TLR4 agonist Lipid A and Bacillus
Calmette—Guérin (BCG), studies in NSG-TLR4™ mice would validate their use as
immunotherapeutics and help elucidate the mechanism respectively. Lipid A analog is a
synthetically generated TLR4 agonist that has been shown to have antitumor effects in
murine mammary tumor models where it promotes the production of proinflammatory
cytokines, including IFN-y, and TNF-a, and induces apoptosis in chemotherapy-resistant
tumor cells (Lamrani et al., 2016) while BCG another TLR4 agonist that can also act
through TLR2 is one of the most successful biotherapies in use for bladder cancer,
although to date there is no clear mechanism of its therapeutic effect in order to improve

its mortality rate (Redelman-Sidi et al., 2014).
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The data also highlight the possibility of generating NSG mice depleted of other murine
TLRs such as TLR2, TLR3, TLR7 and TLR 9 either individually or together or in groups
to enable the evaluation of agonist targeting them that are currently being developed and
tested for activity against tumors (Ayala-Cuellar et al., 2019; Benbenishty et al., 2019; Liu
et al., 2016; Tran et al., 2019). For example Poly(l:C), a TLR3 agonist has been shown
to have antitumor activity against glioblastoma, by inducing the production of IFN-$ and
IL15 in addition to chemokines which increase recruitment of tumor infiltrating T cell
through paracrine/autocrine action (De Waele et al., 2018). Also in studies of MDA-MB-
231 breast cancer cells and DU145 prostate cancer cells, Poly(l:C) activation of TLR3
results in tumor regression through the upregulation of microRNAs such as miR-29c and
miR-152 which in turn lead to the re-expression of the oncosuppressor retinoic acid
receptor beta (Galli et al., 2013). In addition, dual activation of TLR3 and TLR7 in MCF-7
human breast cancer cells leads to reduced growth (Kang et al., 2010). The above studies
on TLR3 and TLRY7 activation would greatly benefit from validation in a more relevant in-

vivo system such as humanized mouse lacking the mouse TLRs of interest.

In chapter Ill, | showed that transgenically expressing human IL15 in NSG mice, led to
production of circulating human IL15 at near physiological levels. The observed human
IL15 production was closer to physiological levels when compared to the two currently
available immunodeficient strains transgenically expressing human IL15 used in
humanized mouse generation: the SRG-15 and the NOG-IL-15-Tg. Both the SRG-15 and

the NOG-IL-15-Tg mice had circulating human IL15 significantly higher than physiological
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levels ((Herndler-Brandstetter et al., 2017; Katano et al., 2017) which had the added effect

of expanding memory T cells within the SRG-15 mice upon humanization.

The presence of circulating human IL15 improved human NK cell development and
function within the NSG-Tg(Hu-IL15) mice on engraftment with human CD34+ HSCs.
Given that NK cells play a major role in immune surveillance (Malmberg et al., 2017;
Souza-Fonseca-Guimaraes et al., 2019), | showed that the improved NK cell fitness and
frequency was able to reduce the tumor growth kinetics of PDX melanoma transplanted
into CD34+ HSC reconstituted NSG-Tg(Hu-IL15) mice. This observation positions NSG-
Tg(Hu-IL15) mice as a powerful model for interrogating NK cell function and regulation
within the TME and for testing NK cell targeted immunotherapies. The model would
therefore be an important tool to test the efficacy of cellular adoptive transfer from various
sources including PBMCs autologous to the tumor being transplanted into the mice and
allogeneic NK cell mobilized from cord or iPSCs. There is significant effort underway to
develop Bi-specific and Tri-specific killer engagers that enhance NK cell tumor targeting
while boosting NK cell cytotoxicity multiple folds. With these killer engagers, there are two
or three Fab fragments fused against tumor-associated antigens that serve as a cross-
link between the tumor cell and the effector cells (Gleason et al., 2014; Steinbacher et al.,
2015). The NSG-Tg(Hu-IL15) model would serve as a pragmatic model to test human
specific effects of Bi and Tri-specific killer engagers. In this work, although we observe
significant improvement in tumor growth on NK cell depletion, the depletion was not

complete. Future experiments should completely deplete completely NK cells to test if
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tumor growth can be restored to the same kinetics as those observed in the control NSG

tumor-bearing humanized mice.

One aspect of NK cell biology that my work did not address is the mode of circulating
human IL15 presentation to the NK cells. The most effective method for IL15 signaling is
through trans-presentation by the IL15Ra to the IL15By dimer. It would be interesting to
see if IL15 is being trans-presented or the soluble IL15 is signaling much like the other
members of the IL2Ry chain. Additionally the reduction of tumor growth in the NSG-Tg(hu-
IL15) mice, while significant, did not lead to complete regression, indicating a potential
lack of fitness or suppressed function of NK cells within the TME. Future studies could
look more critically at the functional phenotype of NK cells within the TME. Repression of
NK cell function within the TME could potentially leverage HSC engrafted tumor-bearing
NSG-Tg(hu-IL15) mice as a model for understanding NK cell regulation and suppression

within tumors.

In chapter IV, | showed that the NSG-SGM3 BLT mouse model which engrafts robust
human immune system with improved proportions of human myeloid cell lineages and
FoxP3+ Treg can be used to interrogate human immune system, PDX tumor interactions

and for evaluating immunotherapeutics.

With the strong reconstitution of human immune cell lineages within the NSG-SGM3-BLT

mice and their ability to infiltrate permissive tumors and undergo regulation, recapitulating

observations in clinic, the NSG-SGM3-BLT mice positions humanized mice as a relevant
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model system within which to further investigate how the human immune system interacts
intimately with the TME to either eliminate tumor or enable their escape from surveillance.
It also shows the potential use of humanized mice in evaluating immunotherapies in a
system that closely resembles the patient, while affording personalized and precise
evaluation of therapies tailored to specific tumor variants from patient though an avatar

system.

Figure 5.1 summaries the uses of humanized mice in immuno-oncology
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Figure 5.1: Schematic of humanized mouse use in immuno-oncology.
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Figure 5.1: Schematic of humanized mouse use in immuno-oncology. PDXs can be
developed from a fresh piece of a patient’s tumor, characterized in-vivo, and used for
preclinical assessment immunotherapies using humanized mice generated from the
autologous patient immune system in an AVATAR approach. Results are then applied to
propose the most adapted therapy for the individual patient. Additionally allogeneic tumor
and immune system (both engineered and intact) pairs can be set up to characterize the
tumor: immune system interaction, assess preclinical immunotherapies and determine

mechanism of therapeutic action, which can then be applied large patient populations.

165



CHAPTER VI

References

Adotevi, 0., Y. Godet, |. Galaine, Z. Lakkis, I. Idirene, ].M. Certoux, M. Jary, R. Loyon, C.
Laheurte, S. Kim, A. Dormoy, F. Pouthier, C. Barisien, F. Fein, P. Tiberghien, X. Pivot,
S. Valmary-Degano, C. Ferrand, P. Morel, E. Delabrousse, and C. Borg. 2018. In situ
delivery of allogeneic natural killer cell (NK) combined with Cetuximab in liver
metastases of gastrointestinal carcinoma: A phase I clinical trial. Oncoimmunology
7:€1424673.

Ahmadzadeh, M., L.A. Johnson, B. Heemskerk, ].R. Wunderlich, M.E. Dudley, D.E. White, and
S.A. Rosenberg. 2009. Tumor antigen-specific CD8 T cells infiltrating the tumor
express high levels of PD-1 and are functionally impaired. Blood 114:1537-1544.

Ahmed, A., ].H. Wang, and H.P. Redmond. 2013. Silencing of TLR4 increases tumor
progression and lung metastasis in a murine model of breast cancer. Ann Surg Oncol
20 Suppl 3:5S389-396.

Akira, S., K. Takeda, and T. Kaisho. 2001. Toll-like receptors: critical proteins linking innate
and acquired immunity. Nature immunology 2:675.

Alexopoulou, L., A.C. Holt, R. Medzhitov, and R.A. Flavell. 2001. Recognition of double-
stranded RNA and activation of NF-kB by Toll-like receptor 3. Nature 413:732-738.

Allen, T.M., M.A. Brehm, S. Bridges, S. Ferguson, P. Kumar, O. Mirochnitchenko, K. Palucka,
R. Pelanda, B. Sanders-Beer, L.D. Shultz, L. Su, and M. PrabhuDas. 2019. Humanized
immune system mouse models: progress, challenges and opportunities. Nature
immunology 20:770-774.

Anders, H.-]., D. Zecher, R.D. Pawar, and P.S. Patole. 2005. Molecular mechanisms of
autoimmunity triggered by microbial infection. Arthritis Research & Therapy 7:215.

Andrade, Warrison A., Maria do C. Souza, E. Ramos-Martinez, K. Nagpal, Miriam S. Dutra,
Mariane B. Melo, Daniella C. Bartholomeu, S. Ghosh, Douglas T. Golenbock, and
Ricardo T. Gazzinelli. 2013. Combined Action of Nucleic Acid-Sensing Toll-like
Receptors and TLR11/TLR12 Heterodimers Imparts Resistance to Toxoplasma
gondii in Mice. Cell host & microbe 13:42-53.

Angelo, L.S., P.P. Banerjee, L. Monaco-Shawver, ].B. Rosen, G. Makedonas, L.R. Forbes, E.M.
Mace, and J.S. Orange. 2015. Practical NK cell phenotyping and variability in healthy
adults. Immunologic Research 62:341-356.

Anthony R French, and W.M. Yokoyama. 2003. Natural killer cells and viral infections.
Current opinion in immunology 15:45-51.

Anz, D., M. Rapp, S. Eiber, V.H. Koelzer, R. Thaler, S. Haubner, M. Knott, S. Nagel, M. Golic,
G.M. Wiedemann, F. Bauernfeind, C. Wurzenberger, V. Hornung, C. Scholz, D. Mayr, S.
Rothenfusser, S. Endres, and C. Bourquin. 2015. Suppression of intratumoral CCL22
by type i interferon inhibits migration of regulatory T cells and blocks cancer
progression. Cancer research 75:4483-4493.

Arai, S., R. Meagher, M. Swearingen, H. Myint, E. Rich, ]. Martinson, and H. Klingemann.
2008. Infusion of the allogeneic cell line NK-92 in patients with advanced renal cell
cancer or melanoma: a phase I trial. Cytotherapy 10:625-632.

166



Aras, S., and M.R. Zaidi. 2017. TAMeless traitors: macrophages in cancer progression and
metastasis. British journal of cancer 117:1583-1591.

Aryee, K.E,, L.D. Shultz, and M.A. Brehm. 2014. Immunodeficient mouse model for human
hematopoietic stem cell engraftment and immune system development. Methods in
molecular biology 1185:267-278.

Awasthi, S. 2014. Toll-like receptor-4 modulation for cancer immunotherapy. Frontiers in
immunology 5:328.

Ayala-Cuellar, A.P,, ]. Cho, and K.C. Choi. 2019. Toll-like receptors: A pathway alluding to
cancer control. Journal of cellular physiology

Bachanova, V., L. Burns, D.H. McKenna, J. Curtsinger, A. Panoskaltsis-Mortari, B.R.
Lindgren, S. Cooley, D. Weisdorf, and ].S. Miller. 2010. Allogeneic natural killer cells
for refractory lymphoma. Cancer Imnmunology, Inmunotherapy 59:1739-1744.

Bachanova, V., S. Cooley, T.E. Defor, M.R. Verneris, B. Zhang, D.H. McKenna, J. Curtsinger, A.
Panoskaltsis-Mortari, D. Lewis, K. Hippen, P. McGlave, D.]. Weisdorf, B.R. Blazar, and
J.S. Miller. 2014. Clearance of acute myeloid leukemia by haploidentical natural
killer cells is improved using IL-2 diphtheria toxin fusion protein. Blood 123:3855.

Bachanova, V., D. Sarhan, T.E. DeFor, S. Cooley, A. Panoskaltsis-Mortari, B.R. Blazar, ].M.
Curtsinger, L. Burns, D.]. Weisdorf, and J.S. Miller. 2018. Haploidentical natural killer
cells induce remissions in non-Hodgkin lymphoma patients with low levels of
immune-suppressor cells. Cancer Inmunology, Inmunotherapy 67:483-494.

Baginska, ]., E. Viry, ]. Paggetti, S. Medves, G. Berchem, E. Moussay, and B. Janji. 2013. The
Critical Role of the Tumor Microenvironment in Shaping Natural Killer Cell-
Mediated Anti-Tumor Immunity. Frontiers in immunology 4:

Balsamo, M., F. Scordamaglia, G. Pietra, C. Manzini, C. Cantoni, M. Boitano, P. Queirolo, W.
Vermi, F. Facchetti, A. Moretta, L. Moretta, M.C. Mingari, and M. Vitale. 2009.
Melanoma-associated fibroblasts modulate NK cell phenotype and antitumor
cytotoxicity. Proceedings of the National Academy of Sciences 106:20847.

Barclay, A.N., and M.H. Brown. 2006. The SIRP family of receptors and immune regulation.
Nature Reviews Immunology 6:457-464.

Bates, G.J., S.B. Fox, C. Han, R.D. Leek, ].F. Garcia, A.L. Harris, and A.H. Banham. 2006.
Quantification of regulatory T cells enables the identification of high-risk breast
cancer patients and those at risk of late relapse. Journal of clinical oncology : official
journal of the American Society of Clinical Oncology 24:5373-5380.

Bauer, S., V. Groh, J. Wu, A. Steinle, ].H. Phillips, L.L. Lanier, and T. Spies. 1999. Activation of
NK cells and T cells by NKG2D, a receptor for stress-inducible MICA. Science
285:727-729.

Bazhin, A.V,, A. Amedei, and S. Karakhanova. 2019. Immune Checkpoint Molecules and
Cancer Immunotherapy.

Begg, A.C., F.A. Stewart, and C. Vens. 2011. Strategies to improve radiotherapy with
targeted drugs. Nature Reviews Cancer 11:239.

Benbenishty, A.,, M. Gadrich, A. Cottarellij, A. Lubart, D. Kain, M. Amer, L. Shaashua, A.
Glasner, N. Erez, D. Agalliu, L. Mayo, S. Ben-Eliyahu, and P. Blinder. 2019.
Prophylactic TLR9 stimulation reduces brain metastasis through microglia
activation. PLoS Biol 17:e2006859.

Besser, M.]., T. Shoham, O. Harari-Steinberg, N. Zabari, R. Ortenberg, A. Yakirevitch, A.
Nagler, R. Loewenthal, J. Schachter, and G. Markel. 2013. Development of allogeneic

167



NK cell adoptive transfer therapy in metastatic melanoma patients: in vitro
preclinical optimization studies. PloS one 8:e57922.

Bi, E., and Z. Tu. 2017. Remarks on the canonical metrics on the Cartan-Hartogs domains.
Comptes Rendus Mathematique 355:760-768.

Billerbeck, E., W.T. Barry, K. Mu, M. Dorner, C.M. Rice, and A. Ploss. 2011. Development of
human CD4+FoxP3+ regulatory T cells in human stem cell factor-, granulocyte-
macrophage colony-stimulating factor-, and interleukin-3-expressing NOD-SCID
IL2ZRgamma(null) humanized mice. Blood 117:3076-3086.

Bjorklund, A.T., M. Carlsten, E. Sohlberg, L.L. Liu, T. Clancy, M. Karimi, S. Cooley, ].S. Miller,
M. Klimkowska, M. Schaffer, E. Watz, K. Wikstrom, P. Blomberg, B.E. Wahlin, M.
Palma, L. Hansson, P. Ljungman, E. Hellstrom-Lindberg, H.-G. Ljunggren, and K.-]J.
Malmberg. 2018. Complete Remission with Reduction of High-Risk Clones following
Haploidentical NK-Cell Therapy against MDS and AML. Clinical Cancer Research
24:1834.

Bjorkstrom, N.K., H.-G. Ljunggren, and ]. Michaélsson. 2016. Emerging insights into natural
killer cells in human peripheral tissues. Nature Reviews Immunology 16:310.

Blunt, T., D. Gell, M. Fox, G.E. Taccioli, A.R. Lehmann, S.P. Jackson, and P.A. Jeggo. 1996.
Identification of a nonsense mutation in the carboxyl-terminal region of DNA-
dependent protein kinase catalytic subunit in the scid mouse. Proceedings of the
National Academy of Sciences 93:10285.

Bohling, S.D., and K.H. Allison. 2008. Inmunosuppressive regulatory T cells are associated
with aggressive breast cancer phenotypes: a potential therapeutic target. Modern
pathology : an official journal of the United States and Canadian Academy of
Pathology, Inc 21:1527-1532.

Bonaventura, P., T. Shekarian, V. Alcazer, ]. Valladeau-Guilemond, S. Valsesia-Wittmann, S.
Amigorena, C. Caux, and S. Depil. 2019. Cold Tumors: A Therapeutic Challenge for
Immunotherapy. Frontiers in immunology 10:168.

Bosma, G.C., R.P. Custer, and M.]. Bosma. 1983. A severe combined immunodeficiency
mutation in the mouse. Nature 301:527-530.

Bottcher, ].P,, E. Bonavita, P. Chakravarty, H. Blees, M. Cabeza-Cabrerizo, S. Sammicheli, N.C.
Rogers, E. Sahai, S. Zelenay, and C. Reis e Sousa. 2018. NK Cells Stimulate
Recruitment of cDC1 into the Tumor Microenvironment Promoting Cancer Immune
Control. Cell 172:1022-1037 e1014.

Boudreau, J.E., and K.C. Hsu. 2018a. Natural Killer Cell Education and the Response to
Infection and Cancer Therapy: Stay Tuned. Trends in immunology 39:222-239.

Boudreau, J.E., and K.C. Hsu. 2018b. Natural Killer cell education in human health and
disease. Current opinion in immunology 50:102-111.

Brainard, D.M.,, E. Seung, N. Frahm, A. Cariappa, C.C. Bailey, W.K. Hart, H.S. Shin, S.F. Brooks,
H.L. Knight, Q. Eichbaum, Y.G. Yang, M. Sykes, B.D. Walker, G.J]. Freeman, S. Pillai, S.V.
Westmoreland, C. Brander, A.D. Luster, and A.M. Tager. 2009. Induction of robust
cellular and humoral virus-specific adaptive immune responses in human
immunodeficiency virus-infected humanized BLT mice. Journal of virology 83:7305-
7321.

Brehm, M.A, R. Bortell, P. Diiorio, J. Leif, ]. Laning, A. Cuthbert, C. Yang, M. Herlihy, L.
Burzenski, B. Gott, O. Foreman, A.C. Powers, D.L. Greiner, and L.D. Shultz. 2010a.
Human immune system development and rejection of human islet allografts in

168



spontaneously diabetic NOD-Rag1null ILZrgammanull Ins2Akita mice. Diabetes
59:2265-2270.

Brehm, M.A, R. Bortell, M. Verma, L.D. Shultz, and D.L. Greiner. 2016. Chapter 11 -
Humanized Mice in Translational Immunology. In Translational Immunology. S.-L.
Tan, editor Academic Press, Boston. 285-326.

Brehm, M.A, A. Cuthbert, C. Yang, D.M. Miller, P. Dilorio, J. Laning, L. Burzenski, B. Gott, O.
Foreman, A. Kavirayani, M. Herlihy, A.A. Rossini, L.D. Shultz, and D.L. Greiner. 2010b.
Parameters for establishing humanized mouse models to study human immunity:
Analysis of human hematopoietic stem cell engraftment in three immunodeficient
strains of mice bearing the IL2rynull mutation. Clinical immunology 135:84-98.

Brehm, M.A,, L.L. Kenney, M.V. Wiles, B.E. Low, R.M. Tisch, L. Burzenski, C. Mueller, D.L.
Greiner, and L.D. Shultz. 2018. Lack of acute xenogeneic graft- versus-host disease,
but retention of T-cell function following engraftment of human peripheral blood
mononuclear cells in NSG mice deficient in MHC class I and II expression. FASEB
journal : official publication of the Federation of American Societies for Experimental
Biology fj201800636R.

Brehm, M.A,, and L.D. Shultz. 2012. Human allograft rejection in humanized mice: a
historical perspective. Cellular & molecular immunology 9:225-231.

Brehm, M.A,, L.D. Shultz, and D.L. Greiner. 2010c. Humanized mouse models to study
human diseases. Current opinion in endocrinology, diabetes, and obesity 17:120-125.

Brehm, M.A,, L.D. Shultz, ]. Luban, and D.L. Greiner. 2013. Overcoming Current Limitations
in Humanized Mouse Research. The Journal of infectious diseases 208:5S125-S130.

Bretscher, P., and M. Cohn. 1970. A Theory of Self-Nonself Discrimination. Science
169:1042.

Bristol, G.C., L.Y. Gao, and J.A. Zack. 1997. Preparation and maintenance of SCID-hu mice for
HIV research. Methods 12:343-347.

Bryce, P.J., R. Falahati, L.L. Kenney, ]. Leung, C. Bebbington, N. Tomasevic, R.A. Krier, C.L.
Hsu, L.D. Shultz, D.L. Greiner, and M.A. Brehm. 2016. Humanized mouse model of
mast cell-mediated passive cutaneous anaphylaxis and passive systemic
anaphylaxis. The Journal of allergy and clinical immunology 138:769-779.

Burlion, A., R.N. Ramos, P. Kc, K. Sendeyo, A. Corneau, C. Menetrier-Caux, E. Piaggio, D. Olive,
C. Caux, and G. Marodon. 2019. A novel combination of chemotherapy and
immunotherapy controls tumor growth in mice with a human immune system.
Oncoimmunology 8:1596005.

Calvo, E,, ].C. Soria, W.W. Ma, T. Wang, R. Bahleda, A.W. Tolcher, D. Gernhardet, J. O'Connell,
R. Millham, N. Giri, M.J. Wick, A.A. Adjei, and M. Hidalgo. 2017. A Phase I Clinical Trial
and Independent Patient-Derived Xenograft Study of Combined Targeted Treatment
with Dacomitinib and Figitumumab in Advanced Solid Tumors. Clinical cancer
research : an official journal of the American Association for Cancer Research
23:1177-1185.

Campbell, K.S., and J. Hasegawa. 2013. Natural Killer cell biology: an update and future
directions. The Journal of allergy and clinical immunology 132:536-544.

Cao, X., EW. Shores, J. Hu-Li, M.R. Anver, B.L. Kelsall, S.M. Russell, ]. Drago, M. Noguchi, A.
Grinberg, E.T. Bloom, and et al. 1995. Defective lymphoid development in mice
lacking expression of the common cytokine receptor gamma chain. Immunity 2:223-
238.

169



Capasso, A, J. Lang, T.M. Pitts, K.R. Jordan, C.H. Lieu, S.L. Davis, ].R. Diamond, S. Kopetz, .
Barbee, ]. Peterson, B.M. Freed, B.W. Yacob, S.M. Bagby, W.A. Messersmith, J.E.
Slansky, R. Pelanda, and S.G. Eckhardt. 2019. Characterization of immune responses
to anti-PD-1 mono and combination immunotherapy in hematopoietic humanized
mice implanted with tumor xenografts. Journal for immunotherapy of cancer 7:

Carbognin, L., S. Pilotto, M. Milella, V. Vaccaro, M. Brunelli, A. Calio, F. Cuppone, 1. Sperduti,
D. Giannarelli, M. Chilosi, V. Bronte, A. Scarpa, E. Bria, and G. Tortora. 2015.
Differential Activity of Nivolumab, Pembrolizumab and MPDL3280A according to
the Tumor Expression of Programmed Death-Ligand-1 (PD-L1): Sensitivity Analysis
of Trials in Melanoma, Lung and Genitourinary Cancers. PloS one 10:e0130142.

Carotta, S., S.H. Pang, S.L. Nutt, and G.T. Belz. 2011. Identification of the earliest NK-cell
precursor in the mouse BM. Blood 117:5449-5452.

Carrega, P., I. Bonaccorsi, E. Di Carlo, B. Morandi, P. Paul, V. Rizzello, G. Cipollone, G.
Navarra, M.C. Mingari, L. Moretta, and G. Ferlazzo. 2014. CD56(bright)perforin(low)
noncytotoxic human NK cells are abundant in both healthy and neoplastic solid
tissues and recirculate to secondary lymphoid organs via afferent lymph. Journal of
immunology 192:3805-3815.

Cekic, C., Y.-]. Day, D. Sag, and J. Linden. 2014. Myeloid Expression of Adenosine
A&lt;sub&gt;2A&lt; /sub&gt; Receptor Suppresses T and NK Cell Responses in the
Solid Tumor Microenvironment. Cancer research 74:7250.

Chao, J.L., and P.A. Savage. 2018. Unlocking the Complexities of Tumor-Associated
Regulatory T Cells. Journal of immunology 200:415-421.

Chen, D.S., and I. Mellman. 2017. Elements of cancer immunity and the cancer-immune set
point. Nature 541:321-330.

Chen, Q., ]. Chen, Z. Yang, J. Xu, L. Xu, C. Liang, X. Han, and Z. Liu. 2019. Nanoparticle-
Enhanced Radiotherapy to Trigger Robust Cancer Immunotherapy. Advanced
materials 31:1802228.

Chiuy, J., D.M. Ernst, and A. Keating. 2018. Acquired Natural Killer Cell Dysfunction in the
Tumor Microenvironment of Classic Hodgkin Lymphoma. Frontiers in immunology 9:

Chiu, P.P,, E. Ivakine, S. Mortin-Toth, and ].S. Danska. 2002. Susceptibility to lymphoid
neoplasia in immunodeficient strains of nonobese diabetic mice. Cancer research
62:5828-5834.

Chouaib, S., F. Meslin, J. Thiery, and F. Mami-Chouaib. 2009. Tumor resistance to specific
lysis: A major hurdle for successful immunotherapy of cancer. Clinical immunology
130:34-40.

Coca, S., J. Perez-Piqueras, D. Martinez, A. Colmenarejo, M.A. Saez, C. Vallejo, ].A. Martos, and
M. Moreno. 1997. The prognostic significance of intratumoral natural Killer cells in
patients with colorectal carcinoma. Cancer 79:2320-2328.

Cooper, M.A, J.E. Bush, T.A. Fehniger, ].B. VanDeusen, R.E. Waite, Y. Liu, H.L. Aguila, and M.A.
Caligiuri. 2002. In vivo evidence for a dependence on interleukin 15 for survival of
natural killer cells. Blood 100:3633-3638.

Cooper, M.A, T.A. Fehniger, and M.A. Caligiuri. 2001. The biology of human natural killer-
cell subsets. Trends in immunology 22:633-640.

Coughlan, A.M,, C. Harmon, S. Whelan, E.C. O'Brien, V.P. O'Reilly, P. Crotty, P. Kelly, M. Ryan,
F.B. Hickey, C. O'Farrelly, and M.A. Little. 2016. Myeloid Engraftment in Humanized

170



Mice: Impact of Granulocyte-Colony Stimulating Factor Treatment and Transgenic
Mouse Strain. Stem cells and development 25:530-541.

Covassin, L., S. Jangalwe, N. Jouvet, ]. Laning, L. Burzenski, L.D. Shultz, and M.A. Brehm.
2013. Human immune system development and survival of non-obese diabetic
(NOD)-scid IL2rgamma(null) (NSG) mice engrafted with human thymus and
autologous haematopoietic stem cells. Clinical and experimental immunology
174:372-388.

Crespo, J., H. Sun, T.H. Welling, Z. Tian, and W. Zou. 2013. T cell anergy, exhaustion,
senescence, and stemness in the tumor microenvironment. Current opinion in
immunology 25:214-221.

Curiel, T.J., G. Coukos, L. Zou, X. Alvarez, P. Cheng, P. Mottram, M. Evdemon-Hogan, J.R.
Conejo-Garcia, L. Zhang, M. Burow, Y. Zhu, S. Wei, I. Kryczek, B. Daniel, A. Gordon, L.
Myers, A. Lackner, M.L. Disis, K.L. Knutson, L. Chen, and W. Zou. 2004. Specific
recruitment of regulatory T cells in ovarian carcinoma fosters immune privilege and
predicts reduced survival. Nature medicine 10:942-949.

Da Silva, C.G., F. Rueda, C.W. Lowik, F. Ossendorp, and L.J. Cruz. 2016. Combinatorial
prospects of nano-targeted chemoimmunotherapy. Biomaterials 83:308-320.

Datta, S.K., V. Redecke, K.R. Prilliman, K. Takabayashi, M. Corr, T. Tallant, ]. DiDonato, R.
Dziarski, S. Akira, S.P. Schoenberger, and E. Raz. 2003. A Subset of Toll-Like Receptor
Ligands Induces Cross-presentation by Bone Marrow-Derived Dendritic Cells. The
Journal of Immunology 170:4102.

Davis, R.J., C. Van Waes, and C.T. Allen. 2016. Overcoming barriers to effective
immunotherapy: MDSCs, TAMs, and Tregs as mediators of the immunosuppressive
microenvironment in head and neck cancer. Oral oncology 58:59-70.

Day, C.L., D.E. Kaufmann, P. Kiepiela, ].A. Brown, E.S. Moodley, S. Reddy, E.W. Mackey, ].D.
Miller, A.J. Leslie, C. DePierres, Z. Mncube, J. Duraiswamy, B. Zhu, Q. Eichbaum, M.
Altfeld, E.]. Wherry, H.M. Coovadia, P.].R. Goulder, P. Klenerman, R. Ahmed, G.].
Freeman, and B.D. Walker. 2006. PD-1 expression on HIV-specific T cells is
associated with T-cell exhaustion and disease progression. Nature 443:350-354.

De La Rochere, P., S. Guil-Luna, D. Decaudin, G. Azar, S.S. Sidhu, and E. Piaggio. 2018.
Humanized Mice for the Study of Immuno-Oncology. Trends in immunology

De Nardo, D. 2015. Toll-like receptors: Activation, signalling and transcriptional
modulation. Cytokine 74:181-189.

De Waele, |, E. Marcq, ].R.M. Van Audenaerde, ]. Van Loenhout, C. Deben, K. Zwaenepoel, E.
Van de Kelft, D. Van der Planken, T. MenovsKky, ].M.]. Van den Bergh, Y. Willemen, P.
Pauwels, Z.N. Berneman, F. Lardon, M. Peeters, A. Wouters, and E.L.]. Smits. 2018.
Poly(I:C) primes primary human glioblastoma cells for an immune response
invigorated by PD-L1 blockade. Oncoimmunology 7:e1407899.

Delconte, R.B., W. Shi, P. Sathe, T. Ushiki, C. Seillet, M. Minnich, T.B. Kolesnik, L.C. Rankin,
L.A. Mielke, J.G. Zhang, M. Busslinger, M.J. Smyth, D.S. Hutchinson, S.L. Nutt, S.E.
Nicholson, W.S. Alexander, L.M. Corcoran, E. Vivier, G.T. Belz, S. Carotta, and N.D.
Huntington. 2016. The Helix-Loop-Helix Protein ID2 Governs NK Cell Fate by Tuning
Their Sensitivity to Interleukin-15. Immunity 44:103-115.

Denton, P.W,, T. Nochi, A. Lim, J.F. Krisko, F. Martinez-Torres, S.K. Choudhary, A. Wahl, R.
Olesen, W. Zou, J.P. Di Santo, D.M. Margolis, and ].V. Garcia. 2012. IL-2 receptor

171



gamma-chain molecule is critical for intestinal T-cell reconstitution in humanized
mice. Mucosal immunology 5:555-566.

DiSanto, ].P.,, W. Miiller, D. Guy-Grand, A. Fischer, and K. Rajewsky. 1995. Lymphoid
development in mice with a targeted deletion of the interleukin 2 receptor gamma
chain. Proceedings of the National Academy of Sciences 92:377.

Dranoff, G. 2004. Cytokines in cancer pathogenesis and cancer therapy. Nature Reviews
Cancer 4:11-22.

Dreno, B., ].F. Thompson, B.M. Smithers, M. Santinami, T. Jouary, R. Gutzmer, E. Levchenko,
P. Rutkowski, ].-J. Grob, S. Korovin, K. Drucis, F. Grange, L. Machet, P. Hersey, 1.
Krajsova, A. Testori, R. Conry, B. Guillot, W.H.]. Kruit, L. Demidov, ].A. Thompson, I.
Bondarenko, J. Jaroszek, S. Puig, G. Cinat, A. Hauschild, ]J.J. Goeman, H.C. van
Houwelingen, F. Ulloa-Montoya, A. Callegaro, B. Dizier, B. Spiessens, M. Debois, V.G.
Brichard, ]. Louahed, P. Therasse, C. Debruyne, and J.M. Kirkwood. 2018. MAGE-A3
immunotherapeutic as adjuvant therapy for patients with resected, MAGE-A3-
positive, stage Il melanoma (DERMA): a double-blind, randomised, placebo-
controlled, phase 3 trial. The Lancet Oncology 19:916-929.

Driessens, G., ]. Kline, and T.F. Gajewski. 2009. Costimulatory and coinhibitory receptors in
anti-tumor immunity. Immunological reviews 229:126-144.

Dunn, G.P,, L.J. 0ld, and R.D. Schreiber. 2004. The Three Es of Cancer Immunoediting.
Annual review of immunology 22:329-360.

Durost, P.A., K.E. Aryee, F. Manzoor, R.M. Tisch, C. Mueller, A. Jurczyk, L.D. Shultz, and M.A.
Brehm. 2017. Gene Therapy with an Adeno-Associated Viral Vector Expressing
Human Interleukin-2 Alters Immune System Homeostasis in Humanized Mice. Hum
Gene Ther

Earl, T.M,, L.B. Nicoud, ].M. Pierce, ].P. Wright, N.E. Majoras, ].E. Rubin, K.P. Pierre, D.L.
Gorden, and R.S. Chari. 2009. Silencing of TLR4 decreases liver tumor burden in a
murine model of colorectal metastasis and hepatic steatosis. Ann Surg Oncol
16:1043-1050.

Elpek, K.G., M.P. Rubinstein, A. Bellemare-Pelletier, AW. Goldrath, and S.J. Turley. 2010.
Mature natural Killer cells with phenotypic and functional alterations accumulate
upon sustained stimulation with IL-15/IL-15Ralpha complexes. Proceedings of the
National Academy of Sciences of the United States of America 107:21647-21652.

Faget, ], C. Biota, T. Bachelot, M. Gobert, I. Treilleux, N. Goutagny, I. Durand, S. Leon-
Goddard, J.Y. Blay, C. Caux, and C. Menetrier-Caux. 2011. Early detection of tumor
cells by innate immune cells leads to T(reg) recruitment through CCL22 production
by tumor cells. Cancer research 71:6143-6152.

Fang, F., W. Xiao, and Z. Tian. 2017. NK cell-based immunotherapy for cancer. Seminars in
immunology 31:37-54.

Fang, H., B. Ang, X. Xu, X. Huang, Y. Wy, Y. Sun, W. Wang, N. Lij, X. Cao, and T. Wan. 2013.
TLR4 is essential for dendritic cell activation and anti-tumor T-cell response
enhancement by DAMPs released from chemically stressed cancer cells. Cellular &
molecular immunology 11:150-159.

Finke, ], ]. Ko, B. Rini, P. Rayman, J. Ireland, and P. Cohen. 2011. MDSC as a mechanism of
tumor escape from sunitinib mediated anti-angiogenic therapy. International
immunopharmacology 11:856-861.

172



Finn, 0.]. 2018. A Believer's Overview of Cancer Immunosurveillance and Immunotherapy.
Journal of immunology 200:385-391.

Fox, B.A,, D.J. Schendel, L.H. Butterfield, S. Aamdal, ].P. Allison, P.A. Ascierto, M.B. Atkins, J.
Bartunkova, L. Bergmann, N. Berinstein, C.C. Bonorino, E. Borden, J.L. Bramson, C.M.
Britten, X. Cao, W.E. Carson, A.E. Chang, D. Characiejus, A.R. Choudhury, G. Coukos, T.
de Gruijl, R.0. Dillman, H. Dolstra, G. Dranoff, L.G. Durrant, ].H. Finke, ]. Galon, J.A.
Gollob, C. Gouttefangeas, F. Grizzi, M. Guida, L. Hdkansson, K. Hege, R.B. Herberman,
F.S. Hodi, A. Hoos, C. Huber, P. Hwu, K. Imai, E.M. Jaffee, S. Janetzki, C.H. June, P.
Kalinski, H.L. Kaufman, K. Kawakami, Y. Kawakami, U. Keilholtz, S.N. Khleif, R.
Kiessling, B. Kotlan, G. Kroemer, R. Lapointe, H.I. Levitsky, M.T. Lotze, C. Maccalli, M.
Maio, J.-P. Marschner, M.]. Mastrangelo, G. Masucci, I. Melero, C. Melief, W.]. Murphy,
B. Nelson, A. Nicolini, M.I. Nishimura, K. Odunsi, P.S. Ohashi, ]. 0'Donnell-Tormey, L.].
0ld, C. Ottensmeier, M. Papamichail, G. Parmiani, G. Pawelec, E. Proietti, S. Qin, R.
Rees, A. Ribas, R. Ridolfi, G. Ritter, L. Rivoltini, P.J. Romero, M.L. Salem, R.J. Scheper,
B. Seliger, P. Sharma, H. Shiku, H. Singh-Jasuja, W. Song, P.T. Straten, H. Tahara, Z.
Tian, S.H. van Der Burg, P. von Hoegen, E. Wang, M.]. Welters, H. Winter, T.
Withington, J.D. Wolchok, W. Xiao, L. Zitvogel, H. Zwierzina, F.M. Marincola, T.F.
Gajewski, ].M. Wigginton, and M.L. Disis. 2011. Defining the critical hurdles in cancer
immunotherapy. Journal of translational medicine 9:214-214.

Fox, R.J., C.S. Coffey, R. Conwit, M.E. Cudkowicz, T. Gleason, A. Goodman, E.C. Klawiter, K.
Matsuda, M. McGovern, R.T. Naismith, A. Ashokkumar, J. Barnes, D. Ecklund, E.
Klingner, M. Koepp, ].D. Long, S. Natarajan, B. Thornell, J. Yankey, R.A. Bermel, J.P.
Debbins, X. Huang, P. Jagodnik, M.]. Lowe, K. Nakamura, S. Narayanan, K.E. Sakaie, B.
Thoomukuntla, X. Zhou, S. Krieger, E. Alvarez, M. Apperson, K. Bashir, B.A. Cohen,
P.K. Coyle, S. Delgado, L.D. Dewitt, A. Flores, B.S. Giesser, M.D. Goldman, B. Jubelt, N.
Lava, S.G. Lynch, H. Moses, D. Ontaneda, ].S. Perumal, M. Racke, P. Repovic, C.S. Riley,
C. Severson, S. Shinnar, V. Suski, B. Weinstock-Guttman, V. Yadav, A. Zabeti, and N.S.-
M.T. Investigators. 2018. Phase 2 Trial of Ibudilast in Progressive Multiple Sclerosis.
The New England journal of medicine 379:846-855.

French, L.E., and ]. Tschopp. 2002. Defective death receptor signaling as a cause of tumor
immune escape. Seminars in cancer biology 12:51-55.

Galli, R., A. Paone, M. Fabbri, N. Zanesi, F. Calore, L. Cascione, M. Acunzo, A. Stoppacciaro, A.
Tubaro, F. Lovat, P. Gasparini, P. Fadda, H. Alder, S. Volinia, A. Filippini, E. Ziparo, A.
Riccioli, and C.M. Croce. 2013. Toll-like receptor 3 (TLR3) activation induces
microRNA-dependent reexpression of functional RARB and tumor regression.
Proceedings of the National Academy of Sciences 110:9812.

Garrido, F., F. Ruiz-Cabello, T. Cabrera, ].]. Pérez-Villar, M. L6pez-Botet, M. Duggan-Keen,
and P.L. Stern. 1997. Implications for immunosurveillance of altered HLA class I
phenotypes in human tumours. Immunology Today 18:89-95.

Gleason, M.K,, J.A. Ross, E.D. Warlick, T.C. Lund, M.R. Verneris, A. Wiernik, S. Spellman, M.D.
Haagenson, A.J. Lenvik, M.R. Litzow, P.K. Epling-Burnette, B.R. Blazar, L.M. Weiner,
D.]. Weisdorf, D.A. Vallera, and ].S. Miller. 2014. CD16xCD33 bispecific killer cell
engager (BiKE) activates NK cells against primary MDS and MDSC
CD33&lt;sup&gt;+&lt; /sup&gt; targets. Blood 123:3016.

173



Gong, ].H., G. Maki, and H.G. Klingemann. 1994. Characterization of a human cell line (NK-
92) with phenotypical and functional characteristics of activated natural killer cells.
Leukemia 8:652-658.

Goutagny, N., Y. Estornes, U. Hasan, S. Lebecque, and C. Caux. 2012. Targeting pattern
recognition receptors in cancer immunotherapy. Targeted Oncology 7:29-54.
Granier, C., E. De Guillebon, C. Blanc, H. Roussel, C. Badoual, E. Colin, A. Saldmann, A. Gey, S.
Oudard, and E. Tartour. 2017. Mechanisms of action and rationale for the use of

checkpoint inhibitors in cancer. ESMO open 2:e000213.

Greenblatt, M.B., V. Vbranac, T. Tivey, K. Tsang, A.M. Tager, and A.O. Aliprantis. 2012. Graft
versus Host Disease in the Bone Marrow, Liver and Thymus Humanized Mouse
Model. PloS one 7:e44664.

Greiner, D.L., R.A. Hesselton, and L.D. Shultz. 1998. SCID Mouse Models of Human Stem Cell
Engraftment. STEM CELLS 16:166-177.

Greppi, M., G. Tabellini, O. Patrizi, S. Candiani, A. Decensi, S. Parolini, S. Sivori, S. Pesce, L.
Paleari, and E. Marcenaro. 2019. Strengthening the Anti-Tumor NK Cell Function for
the Treatment of Ovarian Cancer. Int ] Mol Sci 20:

Griffin, C,, L. Eter, N. Lanzetta, S. Abrishami, M. Varghese, K. McKernan, L. Muir, J. Lane, C.N.
Lumeng, and K. Singer. 2018. TLR4, TRIF, and MyD88 are essential for myelopoiesis
and CD11c(+) adipose tissue macrophage production in obese mice. The Journal of
biological chemistry 293:8775-8786.

Grigor, E.J.M,, D. Fergusson, N. Kekre, ]. Montroy, H. Atkins, M.D. Seftel, M. Daugaard, ].
Presseau, K. Thavorn, B. Hutton, R.A. Holt, and M.M. Lalu. 2019. Risks and Benefits of
Chimeric Antigen Receptor T-Cell (CAR-T) Therapy in Cancer: A Systematic Review
and Meta-Analysis. Transfus Med Rev 33:98-110.

Grivennikov, S.I,, F.R. Greten, and M. Karin. 2010. Immunity, inflammation, and cancer. Cell
140:883-899.

Gros, A, M.R. Parkhurst, E. Tran, A. Pasetto, P.F. Robbins, S. Ilyas, T.D. Prickett, ].]. Gartner,
J.S. Crystal, .M. Roberts, K. Trebska-McGowan, J.R. Wunderlich, J.C. Yang, and S.A.
Rosenberg. 2016. Prospective identification of neoantigen-specific lymphocytes in
the peripheral blood of melanoma patients. Nature medicine 22:433.

Grosso, J.F., M.V. Goldberg, D. Getnet, T.C. Bruno, H.R. Yen, K.J. Pyle, E. Hipkiss, D.A. Vignali,
D.M. Pardoll, and C.G. Drake. 2009. Functionally distinct LAG-3 and PD-1 subsets on
activated and chronically stimulated CD8 T cells. Journal of immunology 182:6659-
6669.

Hanagata, N. 2017. CpG oligodeoxynucleotide nanomedicines for the prophylaxis or
treatment of cancers, infectious diseases, and allergies. Int ] Nanomedicine 12:515-
531.

Handgretinger, R., P. Lang, and M.C. Andre. 2016. Exploitation of natural killer cells for the
treatment of acute leukemia. Blood 127:3341-3349.

Hans-Gustaf Ljunggren, and K. Karre. 1990. In search of the'missing self': MHC molecules
and NK cell recognition. Immunology Today 11:237-244.

Hashimoto, C., K.L. Hudson, and K.V. Anderson. 1988. The Toll gene of drosophila, required
for dorsal-ventral embryonic polarity, appears to encode a transmembrane protein.
Cell 52:269-279.

174



Hatfield, S.D., K.A. Daniels, C.L. O'Donnell, S.N. Waggoner, and R.M. Welsh. 2018. Weak
vaccinia virus-induced NK cell regulation of CD4 T cells is associated with reduced
NK cell differentiation and cytolytic activity. Virology 519:131-144.

Hayashi, F., K.D. Smith, A. Ozinsky, T.R. Hawn, E.C. Yi, D.R. Goodlett, ].K. Eng, S. Akira, D.M.
Underhill, and A. Aderem. 2001. The innate immune response to bacterial flagellin is
mediated by Toll-like receptor 5. Nature 410:1099-1103.

He, Y. and Z. Tian. 2016. NK cell education via nonclassical MHC and non-MHC ligands.
Cellular &Amp; Molecular Immunology 14:321.

Hermanson, D.L., L. Bendzick, L. Pribyl, V. McCullar, R.I. Vogel, ].S. Miller, M.A. Geller, and
D.S. Kaufman. 2016. Induced Pluripotent Stem Cell-Derived Natural Killer Cells for
Treatment of Ovarian Cancer. Stem Cells 34:93-101.

Herndler-Brandstetter, D., L. Shan, Y. Yao, C. Stecher, V. Plajer, M. Lietzenmayer, T. Strowig,
M.R. de Zoete, N.W. Palm, ]. Chen, C.A. Blish, D. Frleta, C. Gurer, L.E. Macdonald, A.].
Murphy, G.D. Yancopoulos, R.R. Montgomery, and R.A. Flavell. 2017. Humanized
mouse model supports development, function, and tissue residency of human
natural Killer cells. Proceedings of the National Academy of Sciences of the United
States of America 114:E9626-E9634.

Herrera, L., ].M. Salcedo, S. Santos, M.A. Vesga, F. Borrego, and C. Eguizabal. 2017. OP9
Feeder Cells Are Superior to M2-10B4 Cells for the Generation of Mature and
Functional Natural Killer Cells from Umbilical Cord Hematopoietic Progenitors.
Frontiers in immunology 8:

Hesselton, R.M,, D.L. Greiner, J.P. Mordes, T.V. Rajan, J.L. Sullivan, and L.D. Shultz. 1995. High
Levels of Human Peripheral Blood Mononuclear Cell Engraftment and Enhanced
Susceptibility to Human Immunodeficiency Virus Type 1 Infection in NOD/LtSz-
scid/scid Mice. The Journal of infectious diseases 172:974-982.

Holmes, M.L., N.D. Huntington, R.P.L. Thong, J. Brady, Y. Hayakawa, C.E. Andoniou, P.
Fleming, W. Shi, G.K. Smyth, M.A. Degli-Esposti, G.T. Belz, A. Kallies, S. Carotta, M.].
Smyth, and S.L. Nutt. 2014. Peripheral natural killer cell maturation depends on the
transcription factor Aiolos. The EMBO Journal 33:2721-2734.

Hu, Z., and Y.G. Yang. 2012. Full reconstitution of human platelets in humanized mice after
macrophage depletion. Blood 120:1713-1716.

Huang, R, D. Zhang, F. Li, Z. Xiao, M. Wu, D. Shi, P. Xiang, and Z. Bao. 2017. Loss of Fas
expression and high expression of HLA-E promoting the immune escape of early
colorectal cancer cells. Oncol Lett 13:3379-3386.

Huntington, N.D. 2014. The unconventional expression of IL-15 and its role in NK cell
homeostasis. Immunology and cell biology 92:210-213.

Huntington, N.D., N. Legrand, N.L. Alves, B. Jaron, K. Weijer, A. Plet, E. Corcuff, E. Mortier, Y.
Jacques, H. Spits, and ].P. Di Santo. 2009. IL-15 trans-presentation promotes human
NK cell development and differentiation in vivo. The Journal of experimental
medicine 206:25-34.

Ibrahim, E.C,, N. Guerra, M.-].T. Lacombe, E. Angevin, S. Chouaib, E.D. Carosella, A. Caignard,
and P. Paul. 2001. Tumor-specific Up-Regulation of the Nonclassical Class [ HLA-G
Antigen Expression in Renal Carcinoma. Cancer research 61:6838.

Imada, K., and W.]. Leonard. 2000. The Jak-STAT pathway. Molecular immunology 37:1-11.

Ishida, T., and R. Ueda. 2006. CCR4 as a novel molecular target for immunotherapy of
cancer. Cancer science 97:1139-1146.

175



Ishikawa, F., M. Yasukawa, B. Lyons, S. Yoshida, T. Miyamoto, G. Yoshimoto, T. Watanabe, K.
Akashi, L.D. Shultz, and M. Harada. 2005. Development of functional human blood
and immune systems in NOD/SCID/IL2 receptor {gamma} chain(null) mice. Blood
106:1565-1573.

Ishikawa, T., T. Okayama, N. Sakamoto, M. Ideno, K. Oka, T. Enoki, J. Mineno, N. Yoshida, K.
Katada, K. Kamada, K. Uchiyama, O. Handa, T. Takagi, H. Konishi, S. Kokura, K. Uno, Y.
Naito, and Y. Itoh. 2018. Phase I clinical trial of adoptive transfer of expanded
natural killer cells in combination with IgG1 antibody in patients with gastric or
colorectal cancer. International journal of cancer 142:2599-2609.

[to, M., H. Hiramatsu, K. Kobayashi, K. Suzue, M. Kawahata, K. Hioki, Y. Ueyama, Y. Koyanagi,
K. Sugamura, K. Tsuji, T. Heike, and T. Nakahata. 2002. NOD/SCID/gamma(c)(null)
mouse: an excellent recipient mouse model for engraftment of human cells. Blood
100:3175-3182.

Ito, R, I. Katano, K. Kawai, H. Hirata, T. Ogura, T. Kamisako, T. Eto, and M. Ito. 2009. Highly
sensitive model for xenogenic GVHD using severe immunodeficient NOG mice.
Transplantation 87:1654-1658.

Ito, R, S. Maruoka, Y. Gon, I. Katano, T. Takahashi, M. Ito, K. Izuhara, and S. Nunomura.
2019. Recent Advances in Allergy Research Using Humanized Mice. Int ] Mol Sci 20:

Izumchenko, E., K. Paz, D. Ciznadija, I. Sloma, A. Katz, D. Vasquez-Dunddel, I. Ben-Zvi, .
Stebbing, W. McGuire, W. Harris, R. Maki, A. Gaya, A. Bedji, S. Zacharoulis, R. Ravi, L.H.
Wexler, M.O. Hoque, C. Rodriguez-Galindo, H. Pass, N. Peled, A. Davies, R. Morris, M.
Hidalgo, and D. Sidransky. 2017. Patient-derived xenografts effectively capture
responses to oncology therapy in a heterogeneous cohort of patients with solid
tumors. Annals of oncology : official journal of the European Society for Medical
Oncology 28:2595-2605.

Jacobs, H., P. Krimpenfort, M. Haks, ]. Allen, B. Blom, C. Démolliere, A. Kruisbeek, H. Spits,
and A. Berns. 1999. Pim1 Reconstitutes Thymus Cellularity in Interleukin 7-And
Common y Chain—-Mutant Mice and Permits Thymocyte Maturation in Rag- but Not
Cd3y-Deficient Mice. The Journal of experimental medicine 190:1059.

Janeway, C.A., and R. Medzhitov. 2002. Innate Immune Recognition. Annual review of
immunology 20:197-216.

Jiao, Y., N.D. Huntington, G.T. Belz, and C. Seillet. 2016. Type 1 Innate Lymphoid Cell
Biology: Lessons Learnt from Natural Killer Cells. Frontiers in immunology 7:

Jie, H.B., N. Gildener-Leapman, J. Li, R.M. Srivastava, S.P. Gibson, T.L. Whiteside, and R.L.
Ferris. 2013. Intratumoral regulatory T cells upregulate immunosuppressive
molecules in head and neck cancer patients. British journal of cancer 109:2629-
2635.

Jin, C.H., ]. Xia, S. Rafiq, X. Huang, Z. Hu, X. Zhou, R.J. Brentjens, and Y.G. Yang. 2018.
Modeling anti-CD19 CAR T cell therapy in humanized mice with human immunity
and autologous leukemia. EBioMedicine

Joseph, A, ].H. Zheng, K. Chen, M. Dutta, C. Chen, G. Stiegler, R. Kunert, A. Follenzi, and H.
Goldstein. 2010. Inhibition of in vivo HIV infection in humanized mice by gene
therapy of human hematopoietic stem cells with a lentiviral vector encoding a
broadly neutralizing anti-HIV antibody. Journal of virology 84:6645-6653.

Kaczanowska, S., A.M. Joseph, and E. Davila. 2013. TLR agonists: our best frenemy

in cancer immunotherapy. Journal of leukocyte biology 93:847-863.

176



Kageshita, T., Z. Wang, L. Calorini, A. Yoshii, T. Kimura, T. Ono, S. Gattoni-Celli, and S.
Ferrone. 1993. Selective loss of human leukocyte class I allospecificities and staining
of melanoma cells by monoclonal antibodies recognizing monomorphic
determinants of class I human leukocyte antigens. Cancer research 53:3349-3354.

Kalscheuer, H., N. Danzl, T. Onoe, T. Faust, R. Winchester, R. Goland, E. Greenberg, T.R.
Spitzer, D.G. Savage, H. Tahara, G. Choi, Y.-G. Yang, and M. Sykes. 2012. A Model for
Personalized in Vivo Analysis of Human Immune Responsiveness. Science
translational medicine 4:125ra130.

Kang, S.-],, ].-H. Tak, ].-H. Cho, H.-]. Lee, and Y.-]. Jung. 2010. Stimulation of the endosomal
TLR pathway enhances autophagy-induced cell death in radiotherapy of breast
cancer. Genes & Genomics 32:599-606.

Kaplan, D.H., V. Shankaran, A.S. Dighe, E. Stockert, M. Aguet, L.]. Old, and R.D. Schreiber.
1998. Demonstration of an interferon y-dependent tumor surveillance system in
immunocompetent mice. Proceedings of the National Academy of Sciences 95:7556.

Katano, L., C. Nishime, R. Ito, T. Kamisako, T. Mizusawa, Y. Ka, T. Ogura, H. Suemizu, Y.
Kawakami, M. Ito, and T. Takahashi. 2017. Long-term maintenance of peripheral
blood derived human NK cells in a novel human IL-15- transgenic NOG mouse. Sci
Rep 7:17230.

Kenney, L.L., L.D. Shultz, D.L. Greiner, and M.A. Brehm. 2016. Humanized Mouse Models for
Transplant Immunology. American journal of transplantation : official journal of the
American Society of Transplantation and the American Society of Transplant Surgeons
16:389-397.

Khaled, W.T., and P. Liu. 2014. Cancer mouse models: past, present and future. Seminars in
cell & developmental biology 27:54-60.

Kiessling, R, E. Klein, and H. Wigzell. 1975. ,Natural” Killer cells in the mouse. I. Cytotoxic
cells with specificity for mouse Moloney leukemia cells. Specificity and distribution
according to genotype. European journal of immunology 5:112-117.

Kimura, S., U. Nanbu, H. Noguchi, Y. Harada, K. Kumamoto, Y. Sasaguri, and T. Nakayama.
2019. Macrophage CCL22 expression in the tumor microenvironment and
implications for survival in patients with squamous cell carcinoma of the tongue. J
Oral Pathol Med

King, M.A,, L. Covassin, M.A. Brehm, W. Racki, T. Pearson, |. Leif, ]. Laning, W. Fodor, O.
Foreman, L. Burzenski, T.H. Chase, B. Gott, A.A. Rossini, R. Bortell, L.D. Shultz, and
D.L. Greiner. 2009. Human peripheral blood leucocyte non-obese diabetic-severe
combined immunodeficiency interleukin-2 receptor gamma chain gene mouse
model of xenogeneic graft-versus-host-like disease and the role of host major
histocompatibility complex. Clinical and experimental immunology 157:104-118.

Knorr, D.A,, Z. Ni, D. Hermanson, M.K. Hexum, L. Bendzick, L.]. Cooper, D.A. Lee, and D.S.
Kaufman. 2013. Clinical-scale derivation of natural killer cells from human
pluripotent stem cells for cancer therapy. Stem Cells Transl Med 2:274-283.

Kondo, M., L.L. Weissman, and K. Akashi. 1997. Identification of Clonogenic Common
Lymphoid Progenitors in Mouse Bone Marrow. Cell 91:661-672.

Koster, B.D., M. van den Hout, B.J.R. Sluijter, B.G. Molenkamp, R. Vuylsteke, A. Baars, P.A.M.
van Leeuwen, R.]. Scheper, M. Petrousjka van den Tol, A.J.M. van den Eertwegh, and
T.D. de Gruijl. 2017. Local Adjuvant Treatment with Low-Dose CpG-B Offers Durable
Protection against Disease Recurrence in Clinical Stage I-Il Melanoma: Data from

177



Two Randomized Phase Il Trials. Clinical cancer research : an official journal of the
American Association for Cancer Research 23:5679-5686.

Koury, J., M. Lucero, C. Cato, L. Chang, ]. Geiger, D. Henry, ]. Hernandez, F. Hung, P. Kaur, G.
Teskey, and A. Tran. 2018. Immunotherapies: Exploiting the Immune System for
Cancer Treatment. Journal of Inmunology Research 2018:1-16.

Koyama, S., E.A. Akbay, Y.Y. Li, G.S. Herter-Sprie, K.A. Buczkowski, W.G. Richards, L. Gandhi,
AJ.Redig, S.J. Rodig, H. Asahina, R.E. Jones, M.M. Kulkarni, M. Kuraguchi, S.
Palakurthi, P.E. Fecci, B.E. Johnson, P.A. Janne, J.A. Engelman, S.P. Gangadharan, D.B.
Costa, G.J. Freeman, R. Bueno, F.S. Hodji, G. Dranoff, K.K. Wong, and P.S. Hammerman.
2016. Adaptive resistance to therapeutic PD-1 blockade is associated with
upregulation of alternative immune checkpoints. Nature communications 7:10501.

Krieg, A.M. 2006. Therapeutic potential of Toll-like receptor 9 activation. Nature Reviews
Drug Discovery 5:471-484.

Krneta, T., A. Gillgrass, M. Chew, and A.A. Ashkar. 2015. The breast tumor
microenvironment alters the phenotype and function of natural Killer cells. Cellular
And Molecular Immunology 13:628.

Kryczek, I, L. Zou, P. Rodriguez, G. Zhu, S. Wei, P. Mottram, M. Brumlik, P. Cheng, T. Curiel, L.
Myers, A. Lackner, X. Alvarez, A. Ochoa, L. Chen, and W. Zou. 2006. B7-H4 expression
identifies a novel suppressive macrophage population in human ovarian carcinoma.
The Journal of experimental medicine 203:871-881.

Kumagai, Y., and S. Akira. 2010. Identification and functions of pattern-recognition
receptors. Journal of Allergy and Clinical Immunology 125:985-992.

Kuo, W.T., T.C. Lee, and L.C. Yu. 2016. Eritoran Suppresses Colon Cancer by Altering a
Functional Balance in Toll-like Receptors That Bind Lipopolysaccharide. Cancer
research 76:4684-4695.

Lamana, A., A.M. Ortiz, ].M. Alvaro-Gracia, B. Diaz-Sanchez, ]. Novalbos, R. Garcia-Vicuna,
and I. Gonzalez-Alvaro. 2010. Characterization of serum interleukin-15 in healthy
volunteers and patients with early arthritis to assess its potential use as a
biomarker. Eur Cytokine Netw 21:186-194.

Lamrani, M., N. Sassi, C. Paul, N. Yousfi, ].-L. Boucher, N. Gauthier, ]. Labbé, C. Seignez, C.
Racoeur, A. Athias, R. Guerreiro, C. Vergely, L. Rochette, A. Bettaieb, and ].-F. Jeannin.
2016. TLR4 /IFNy pathways induce tumor regression via NOS II-dependent NO and
ROS production in murine breast cancer models. Oncoimmunology 5:e1123369.

Lan, P., N. Tonomura, A. Shimizu, S. Wang, and Y.G. Yang. 2006. Reconstitution of a
functional human immune system in immunodeficient mice through combined
human fetal thymus/liver and CD34+ cell transplantation. Blood 108:487-492.

Lang, K.S., M. Recher, T. Junt, A.A. Navarini, N.L. Harris, S. Freigang, B. Odermatt, C. Conrad,
L.M. Ittner, S. Bauer, S.A. Luther, S. Uematsu, S. Akira, H. Hengartner, and R.M.
Zinkernagel. 2005. Toll-like receptor engagement converts T-cell autoreactivity into
overt autoimmune disease. Nature medicine 11:138-145.

Langers, I., V.M. Renoux, M. Thiry, P. Delvenne, and N. Jacobs. 2012. Natural killer cells: role
in local tumor growth and metastasis. Biologics 6:73-82.

Lanier, L.L., ].H. Phillips, J. Hackett, M. Tutt, and V. Kumar. 1986. Natural Killer cells:
definition of a cell type rather than a function. The Journal of Inmunology 137:2735.

178



Lanier, L.L., R. Testi, J. Bindl, and J.H. Phillips. 1989. Identity of Leu-19 (CD56) leukocyte
differentiation antigen and neural cell adhesion molecule. The Journal of
experimental medicine 169:2233.

Lapidot, T., F. Pflumio, M. Doedens, B. Murdoch, D.E. Williams, and ].E. Dick. 1992. Cytokine
stimulation of multilineage hematopoiesis from immature human cells engrafted in
SCID mice. Science 255:1137.

Lee, D.W,, ].N. Kochenderfer, M. Stetler-Stevenson, Y.K. Cui, C. Delbrook, S.A. Feldman, T.J.
Fry, R. Orentas, M. Sabatino, N.N. Shah, S.M. Steinberg, D. Stroncek, N. Tschernia, C.
Yuan, H. Zhang, L. Zhang, S.A. Rosenberg, A.S. Wayne, and C.L. Mackall. 2015. T cells
expressing CD19 chimeric antigen receptors for acute lymphoblastic leukaemia in
children and young adults: a phase 1 dose-escalation trial. The Lancet 385:517-528.

Legrand, N., N.D. Huntington, M. Nagasawa, A.Q. Bakker, R. Schotte, H. Strick-Marchand, S.].
de Geus, S.M. Pouw, M. Bohne, A. Voordouw, K. Weijer, ].P. Di Santo, and H. Spits.
2011. Functional CD47 /signal regulatory protein alpha (SIRP(alpha)) interaction is
required for optimal human T- and natural killer- (NK) cell homeostasis in vivo.
Proceedings of the National Academy of Sciences of the United States of America
108:13224-13229.

Leng, Q., Z. Bentwich, and G. Borkow. 2006. Increased TGF-beta, Cbl-b and CTLA-4 levels
and immunosuppression in association with chronic immune activation.
International immunology 18:637-644.

Li, H,, Y. Han, Q. Guo, M. Zhang, and X. Cao. 2009. Cancer-Expanded Myeloid-Derived
Suppressor Cells Induce Anergy of NK Cells through Membrane-Bound TGF-f1. The
Journal of Immunology 182:240.

Li, ]J., K.T. Byrne, F. Yan, T. Yamazoe, Z. Chen, T. Baslan, L.P. Richman, J.H. Lin, Y.H. Sun, A.].
Rech, D. Balli, C.A. Hay, Y. Sela, A.]. Merrell, S.M. Liudahl, N. Gordon, R.J. Norgard, S.
Yuan, S. Yu, T. Chao, S. Ye, T.S.K. Eisinger-Mathason, R.B. Faryabi, ].W. Tobias, SW.
Lowe, L.M. Coussens, E.]. Wherry, R.H. Vonderheide, and B.Z. Stanger. 2018a. Tumor
Cell-Intrinsic Factors Underlie Heterogeneity of Immune Cell Infiltration and
Response to Immunotherapy. Immunity 49:178-193.e177.

Li, Y., D.L. Hermanson, B.S. Moriarity, and D.S. Kaufman. 2018b. Human iPSC-Derived
Natural Killer Cells Engineered with Chimeric Antigen Receptors Enhance Anti-
tumor Activity. Cell stem cell 23:181-192.e185.

Li, Y, ]. Yin, T. Li, S. Huang, H. Yan, J. Leavenworth, and X. Wang. 2015. NK cell-based cancer
immunotherapy: from basic biology to clinical application. Science China. Life
sciences 58:1233-1245.

Li, Y.Q, F.F. Liu, X.M. Zhang, X.]. Guo, M.J. Ren, and L. Fu. 2013. Tumor secretion of CCL22
activates intratumoral Treg infiltration and is independent prognostic predictor of
breast cancer. PloS one 8:€76379.

Liu, B, X. Wang, T.Z. Chen, G.L. Li, C.C. Tan, Y. Chen, and S.Q. Duan. 2016. Polarization of M1
tumor associated macrophage promoted by the activation of TLR3 signal pathway.
Asian Pacific journal of tropical medicine 9:484-488.

Liu, E., Y. Tong, G. Dotti, H. Shaim, B. Savoldo, M. Mukherijee, J. Orange, X. Wan, X. Lu, A.
Reynolds, M. Gagea, P. Banerjee, R. Cai, M.H. Bdaiwi, R. Basar, M. Muftuoglu, L. Li, D.
Marin, W. Wierda, M. Keating, R. Champlin, E. Shpall, and K. Rezvani. 2017. Cord
blood NK cells engineered to express IL-15 and a CD19-targeted CAR show long-
term persistence and potent antitumor activity. Leukemia 32:520-531.

179



Liu, M., and F. Guo. 2018. Recent updates on cancer immunotherapy. Precis Clin Med 1:65-
74.

Lockridge, J.L., Y. Zhou, Y.A. Becker, S. Ma, S.C. Kenney, P. Hematti, C.M. Capitini, W.].
Burlingham, A. Gendron-Fitzpatrick, and J.E. Gumperz. 2013. Mice engrafted with
human fetal thymic tissue and hematopoietic stem cells develop pathology
resembling chronic graft-versus-host disease. Biol Blood Marrow Transplant
19:1310-1322.

Long, E.O., H.S. Kim, D. Liu, M.E. Peterson, and S. Rajagopalan. 2013. Controlling natural
killer cell responses: integration of signals for activation and inhibition. Annual
review of immunology 31:227-258.

Lux, A., and F. Nimmerjahn. 2013. Of mice and men: the need for humanized mouse models
to study human IgG activity in vivo. J Clin Immunol 33 Suppl 1:54-8.

Maeng, H., M. Terabe, and J.A. Berzofsky. 2018. Cancer vaccines: translation from mice to
human clinical trials. Current opinion in immunology 51:111-122.

Maeurer, M.]., S.M. Gollin, D. Martin, W. Swaney, ]. Bryant, C. Castelli, P. Robbins, G.
Parmiani, W.J. Storkus, and M.T. Lotze. 1996. Tumor escape from immune
recognition: lethal recurrent melanoma in a patient associated with downregulation
of the peptide transporter protein TAP-1 and loss of expression of the
immunodominant MART-1/Melan-A antigen. The Journal of clinical investigation
98:1633-1641.

Maki, G., G.M. Hayes, A. Naji, T. Tyler, E.D. Carosella, N. Rouas-Freiss, and S.A. Gregory. 2008.
NK resistance of tumor cells from multiple myeloma and chronic lymphocytic
leukemia patients: implication of HLA-G. Leukemia 22:998-1006.

Malmberg, K.-]., M. Carlsten, A. Bjorklund, E. Sohlberg, Y.T. Bryceson, and H.-G. Ljunggren.
2017. Natural killer cell-mediated immunosurveillance of human cancer. Seminars in
immunology 31:20-29.

Malmberg, K.J., Y.T. Bryceson, M. Carlsten, S. Andersson, A. Bjorklund, N.K. Bjorkstrom, B.C.
Baumann, C. Fauriat, E. Alici, M.S. Dilber, and H.G. Ljunggren. 2008. NK cell-mediated
targeting of human cancer and possibilities for new means of immunotherapy.
Cancer immunology, immunotherapy : CII 57:1541-1552.

Margais, A., ]. Cherfils-Vicini, C. Viant, S. Degouve, S. Viel, A. Fenis, ]J. Rabilloud, K. Mayol, A.
Tavares, ]. Bienvenu, Y.-G. Gangloff, E. Gilson, E. Vivier, and T. Walzer. 2014. The
metabolic checkpoint kinase mTOR is essential for IL-15 signaling during the
development and activation of NK cells. Nature immunology 15:749.

Marshall, H.T., and M.B.A. Djamgoz. 2018. Immuno-Oncology: Emerging Targets and
Combination Therapies. Frontiers in oncology 8:315.

McCune, ].M., R. Namikawa, H. Kaneshima, L.D. Shultz, M. Lieberman, and I.L. Weissman.
1988. The SCID-hu mouse: murine model for the analysis of human
hematolymphoid differentiation and function. Science 241:1632-1639.

Medzhitov, R. 2001. Toll-like receptors and innate immunity. Nature Reviews Immunology
1:135-145.

Medzhitov, R, P. Preston-Hurlburt, and C.A. Janeway. 1997. A human homologue of the
Drosophila Toll protein signals activation of adaptive immunity. Nature 388:394-
397.

180



Melkus, M.W., ].D. Estes, A. Padgett-Thomas, ]. Gatlin, P.W. Denton, F.A. Othieno, A.K. Wege,
A.T. Haase, and ].V. Garcia. 2006. Humanized mice mount specific adaptive and
innate immune responses to EBV and TSST-1. Nature medicine 12:1316-1322.

Melsen, J.E., G. Lugthart, A.C. Lankester, and M.W. Schilham. 2016. Human Circulating and
Tissue-Resident CD56(bright) Natural Killer Cell Populations. Frontiers in
immunology 7:262.

Menetrier-Caux, C., J. Faget, C. Biota, M. Gobert, ].Y. Blay, and C. Caux. 2012. Innate immune
recognition of breast tumor cells mediates CCL22 secretion favoring Treg
recruitment within tumor environment. Oncoimmunology 1:759-761.

Meng, G., A. Grabiec, M. Vallon, B. Ebe, S. Hampel, W. Bessler, H. Wagner, and C.J. Kirschning.
2003. Cellular recognition of tri-/di-palmitoylated peptides is independent from a
domain encompassing the N-terminal seven leucine-rich repeat (LRR)/LRR-like
motifs of TLR2. The Journal of biological chemistry 278:39822-39829.

Mestas, J., and C.C. Hughes. 2004. Of mice and not men: differences between mouse and
human immunology. Journal of immunology 172:2731-2738.

Michelsen, K.S., A. Aicher, M. Mohaupt, T. Hartung, S. Dimmeler, C.J. Kirschning, and R.R.
Schumann. 2001. The role of toll-like receptors (TLRs) in bacteria-induced
maturation of murine dendritic cells (DCS). Peptidoglycan and lipoteichoic acid are
inducers of DC maturation and require TLR2. The Journal of biological chemistry
276:25680-25686.

Miller, P.H., A.M. Cheung, P.A. Beer, D.J. Knapp, K. Dhillon, G. Rabu, S. Rostamirad, R.K.
Humphries, and C.J. Eaves. 2013. Enhanced normal short-term human myelopoiesis
in mice engineered to express human-specific myeloid growth factors. Blood 121:e1-
4.

Mombaerts, P., ]. lacomini, R.S. Johnson, K. Herrup, S. Tonegawa, and V.E. Papaioannou.
1992. RAG-1-deficient mice have no mature B and T lymphocytes. Cell 68:869-877.

Mortier, E., T. Woo, R. Advincula, S. Gozalo, and A. Ma. 2008. IL-15Ra chaperones IL-15 to
stable dendritic cell membrane complexes that activate NK cells via trans
presentation. The Journal of experimental medicine 205:1213.

Morton, ].J., G. Bird, Y. Refaeli, and A. Jimeno. 2016. Humanized Mouse Xenograft Models:
Narrowing the Tumor-Microenvironment Gap. Cancer research 76:6153-6158.

Mosier, D.E., R.]. Gulizia, S.M. Baird, and D.B. Wilson. 1988. Transfer of a functional human
immune system to mice with severe combined immunodeficiency. Nature 335:256-
259.

Nagai, Y., K.P. Garrett, S. Ohta, U. Bahrun, T. Kouro, S. Akira, K. Takatsu, and P.W. Kincade.
2006. Toll-like receptors on hematopoietic progenitor cells stimulate innate
immune system replenishment. Immunity 24:801-812.

Nagler, A., L.L. Lanier, S. Cwirla, and J.H. Phillips. 1989. Comparative studies of human
FcRIII-positive and negative natural Killer cells. The Journal of Inmunology
143:3183.

Newton, K., and V.M. Dixit. 2012. Signaling in innate immunity and inflammation. Cold
Spring Harb Perspect Biol 4:

Norris, S., A. Coleman, L. Kuri-Cervantes, M. Bower, M. Nelson, and M.R. Goodier. 2012. PD-1
expression on natural Killer cells and CD8(+) T cells during chronic HIV-1 infection.
Viral Immunol 25:329-332.

181



Nozawa, Y., Y. Oka, J. Oosugi, and S. Takemura. 2018. Immunotherapy for pulmonary
squamous cell carcinoma and colon carcinoma with pembrolizumab. Medicine 97:

Nunez, N.G., V. Andreani, M.I. Crespo, D.A. Nocera, M.L. Breser, G. Moron, L. Dejager, C.
Libert, V. Rivero, and M. Maccioni. 2012. IFNbeta produced by TLR4-activated tumor
cells is involved in improving the antitumoral immune response. Cancer research
72:592-603.

O'Donnell, ].S., G.V. Long, R.A. Scolyer, M.W. Teng, and M.]. Smyth. 2017. Resistance to
PD1/PDL1 checkpoint inhibition. Cancer treatment reviews 52:71-81.

O'Neill, L.A.J., and A.G. Bowie. 2007. The family of five: TIR-domain-containing adaptors in
Toll-like receptor signalling. Nature Reviews Immunology 7:353.

Oblak, A., and R. Jerala. 2011. Toll-like receptor 4 activation in cancer progression and
therapy. Clinical & developmental immunology 2011:609579.

Ohbo, K., T. Suda, M. Hashiyama, A. Mantani, M. Ikebe, K. Miyakawa, M. Moriyama, M.
Nakamura, M. Katsuki, K. Takahashi, K. Yamamura, and K. Sugamura. 1996.
Modulation of hematopoiesis in mice with a truncated mutant of the interleukin-2
receptor gamma chain. Blood 87:956-967.

Oiseth, S.J., and M.S. Aziz. 2017. Cancer immunotherapy: a brief review of the history,
possibilities, and challenges ahead. Journal of Cancer Metastasis and Treatment 3:

Oldenburg, M., A. Kriiger, R. Ferstl, A. Kaufmann, G. Nees, A. Sigmund, B. Bathke, H.
Lauterbach, M. Suter, S. Dreher, U. Koedel, S. Akira, T. Kawai, . Buer, H. Wagner, S.
Bauer, H. Hochrein, and C.J. Kirschning. 2012. TLR13 Recognizes Bacterial
23&lt;em&gt;S&lt; /em&gt; rRNA Devoid of Erythromycin Resistance-Forming
Modification. Science 337:1111.

Oldham, R.K. 1983. Natural killer cells: artifact to reality: an odyssey in biology. Cancer
metastasis reviews 2:323-336.

Orange, ].S., B. Wang, C. Terhorst, and C.A. Biron. 1995. Requirement for natural killer cell-
produced interferon gamma in defense against murine cytomegalovirus infection
and enhancement of this defense pathway by interleukin 12 administration. The
Journal of experimental medicine 182:1045.

Page, D.B., M.A. Postow, M.K. Callahan, J.P. Allison, and ].D. Wolchok. 2014. Immune
modulation in cancer with antibodies. Annu Rev Med 65:185-202.

Pantelouris, E.M. 1968. Absence of Thymus in a Mouse Mutant. Nature 217:370-371.

Parkhurst, M.R,, ].P. Riley, M.E. Dudley, and S.A. Rosenberg. 2011. Adoptive transfer of
autologous natural Killer cells leads to high levels of circulating natural killer cells
but does not mediate tumor regression. Clinical cancer research : an official journal
of the American Association for Cancer Research 17:6287-6297.

Patel, S.A., and A.J. Minn. 2018. Combination Cancer Therapy with Immune Checkpoint
Blockade: Mechanisms and Strategies. Immunity 48:417-433.

Patidar, M., N. Yadav, and S.K. Dalai. 2016. Interleukin 15: A key cytokine for
immunotherapy. Cytokine & growth factor reviews 31:49-59.

Paul, S., N. Kulkarni, Shilpi, and G. Lal. 2016a. Intratumoral natural killer cells show reduced
effector and cytolytic properties and control the differentiation of effector Th1 cells.
Oncoimmunology 5:

Paul, S., N. Kulkarni, Shilpi, and G. Lal. 2016b. Intratumoral natural killer cells show reduced
effector and cytolytic properties and control the differentiation of effector Th1 cells.
Oncoimmunology 5:€1235106.

182



Pearson, T., D.L. Greiner, and L.D. Shultz. 2008a. Creation of "humanized" mice to study
human immunity. Current protocols in immunology / edited by John E Coligan [et al]
Chapter 15:Unit 15.21.

Pearson, T., L.D. Shultz, D. Miller, M. King, ]. Laning, W. Fodor, A. Cuthbert, L. Burzenski, B.
Gott, B. Lyons, O. Foreman, A.A. Rossini, and D.L. Greiner. 2008b. Non-obese
diabetic-recombination activating gene-1 (NOD-Rag1 null) interleukin (IL)-2
receptor common gamma chain (IL2r gamma null) null mice: a radioresistant model
for human lymphohaematopoietic engraftment. Clinical and experimental
immunology 154:270-284.

Pek, E.A,, T. Chan, S. Reid, and A.A. Ashkar. 2011. Characterization and IL-15 dependence of
NK cells in humanized mice. Immunobiology 216:218-224.

Perrot, I, F. Deauvieau, C. Massacrier, N. Hughes, P. Garrone, I. Durand, O. Demaria, N.
Viaud, L. Gauthier, M. Blery, N. Bonnefoy-Berard, Y. Morel, ]. Tschopp, L.
Alexopoulou, G. Trinchieri, C. Paturel, and C. Caux. 2010. TLR3 and Rig-Like
Receptor on Myeloid Dendritic Cells and Rig-Like Receptor on Human NK Cells Are
Both Mandatory for Production of IFN-y in Response to Double-Stranded RNA. The
Journal of Immunology 185:2080.

Pflumio, F., B. Izac, A. Katz, L.D. Shultz, W. Vainchenker, and L. Coulombel. 1996. Phenotype
and function of human hematopoietic cells engrafting immune-deficient CB17-
severe combined immunodeficiency mice and nonobese diabetic-severe combined
immunodeficiency mice after transplantation of human cord blood mononuclear
cells. Blood 88:3731-3740.

Pietra, G., C. Manzini, S. Rivara, M. Vitale, C. Cantoni, A. Petretto, M. Balsamo, R. Conte, R.
Benellj, S. Minghelli, N. Solari, M. Gualco, P. Queirolo, L. Moretta, and M.C. Mingari.
2012. Melanoma Cells Inhibit Natural Killer Cell Function by Modulating the
Expression of Activating Receptors and Cytolytic Activity. Cancer research 72:1407.

Pol, J., and G. Kroemer. 2018. Anti-CTLA-4 immunotherapy: uncoupling toxicity and
efficacy. Cell Research 28:501-502.

Polakova, K., E. Bandzuchova, F. Sabty, M. Mistrik, L. Demitrovicova, and G. Russ. 2009.
Activation of HLA-G expression by 5-aza-2’- deoxycytidine in malignant
hematopoetic cells isolated from leukemia patients. Neoplasma 56:514-520.

Pradere, ].P., D.H. Dapito, and R.F. Schwabe. 2014. The Yin and Yang of Toll-like receptors in
cancer. Oncogene 33:3485-3495.

Racki, W.]., L. Covassin, M. Brehm, S. Pino, R. Ignotz, R. Dunn, J. Laning, S.K. Graves, A.A.
Rossini, L.D. Shultz, and D.L. Greiner. 2010. NOD-scid IL2rgamma(null) mouse
model of human skin transplantation and allograft rejection. Transplantation
89:527-536.

Rakoff-Nahoum, S., and R. Medzhitov. 2008. Toll-like receptors and cancer. Nature Reviews
Cancer 9:57.

Rangarajan, A., and R.A. Weinberg. 2003. Opinion: Comparative biology of mouse versus
human cells: modelling human cancer in mice. Nature reviews. Cancer 3:952-959.

Ranson, T., C.A. Vosshenrich, E. Corcuff, O. Richard, W. Muller, and J.P. Di Santo. 2003. IL-15
is an essential mediator of peripheral NK-cell homeostasis. Blood 101:4887-4893.

Rautela, J., and N.D. Huntington. 2017. IL-15 signaling in NK cell cancer immunotherapy.
Current opinion in immunology 44:1-6.

183



Redelman-Sidi, G., M.S. Glickman, and B.H. Bochner. 2014. The mechanism of action of BCG
therapy for bladder cancer—a current perspective. Nature Reviews Urology 11:153.

Reiners, K.S., J. Kessler, M. Sauer, A. Rothe, H.P. Hansen, U. Reusch, C. Hucke, U. K6hl, H.
Diirkop, A. Engert, and E.P. von Strandmann. 2013. Rescue of Impaired NK Cell
Activity in Hodgkin Lymphoma With Bispecific Antibodies In Vitro and in Patients.
Molecular Therapy 21:895-903.

Renoux, Virginie M., A. Zriwil, C. Peitzsch, ]. Michaélsson, D. Friberg, S. Soneji, and E.
Sitnicka. 2015. Identification of a Human Natural Killer Cell Lineage-Restricted
Progenitor in Fetal and Adult Tissues. Immunity 43:394-407.

Ribas, A., D.S. Shin, J. Zaretsky, . Frederiksen, A. Cornish, E. Avramis, E. Seja, C. Kivork, J.
Siebert, P. Kaplan-Lefko, X. Wang, B. Chmielowski, J.A. Glaspy, P.C. Tumeh, T.
Chodon, D. Pe'er, and B. Comin-Anduix. 2016. PD-1 Blockade Expands Intratumoral
Memory T Cells. Cancer immunology research 4:194-203.

Rimsza, L.M., R.A. Roberts, T.P. Miller, ].M. Unger, M. LeBlanc, R.M. Braziel, D.D.
Weisenberger, W.C. Chan, H.K. Muller-Hermelink, E.S. Jaffe, R.D. Gascoyne, E. Campo,
D.A. Fuchs, C.M. Spier, R.I. Fisher, ]. Delabie, A. Rosenwald, L.M. Staudt, and T.M.
Grogan. 2004. Loss of MHC class Il gene and protein expression in diffuse large B-
cell lymphoma is related to decreased tumor immunosurveillance and poor patient
survival regardless of other prognostic factors: a follow-up study from the Leukemia
and Lymphoma Molecular Profiling Project. Blood 103:4251-4258.

Rongvaux, A., T. Willinger, ]. Martinek, T. Strowig, S.V. Gearty, L.L. Teichmann, Y. Saito, F.
Marches, S. Halene, A.K. Palucka, M.G. Manz, and R.A. Flavell. 2014. Development and
function of human innate immune cells in a humanized mouse model. Nature
biotechnology 32:364-372.

Rosato, R.R,, D. Davila-Gonzalez, D.S. Choi, W. Qian, W. Chen, A.]. Kozielski, H. Wong, B. Dave,
and J.C. Chang. 2018. Evaluation of anti-PD-1-based therapy against triple-negative
breast cancer patient-derived xenograft tumors engrafted in humanized mouse
models. Breast cancer research : BCR 20:108.

Rosenberg, S.A. 1984. Immunotherapy of cancer by systemic administration of lymphoid
cells plus interleukin-2. ] Biol Response Mod 3:501-511.

Rosenblatt, J., B. Glotzbecker, H. Mills, B. Vasir, D. Tzachanis, ].D. Levine, R.M. Joyce, K.
Wellenstein, W. Keefe, M. Schickler, R. Rotem-Yehudar, D. Kufe, and D. Avigan. 2011.
PD-1 blockade by CT-011, anti-PD-1 antibody, enhances ex vivo T-cell responses to
autologous dendritic cell/myeloma fusion vaccine. ] Immunother 34:409-418.

Rosfjord, E., J. Lucas, G. Li, and H.P. Gerber. 2014. Advances in patient-derived tumor
xenografts: from target identification to predicting clinical response rates in
oncology. Biochemical pharmacology 91:135-143.

Rossi, M.L,, K.L. Medina, K. Garrett, G. Kolar, P.C. Comp, L.D. Shultz, ].D. Capra, P. Wilson, A.
Schipul, and P.W. Kincade. 2001. Relatively normal human lymphopoiesis but rapid
turnover of newly formed B cells in transplanted nonobese diabetic/SCID mice.
Journal of immunology 167:3033-3042.

Rotem-Yehudar, R., M. Groettrup, A. Soza, P.M. Kloetzel, and R. Ehrlich. 1996. LMP-
associated proteolytic activities and TAP-dependent peptide transport for class 1
MHC molecules are suppressed in cell lines transformed by the highly oncogenic
adenovirus 12. The Journal of experimental medicine 183:499.

184



Roy, A., M.S. Singh, P. Upadhyay, and S. Bhaskar. 2013. Nanoparticle mediated co-delivery of
paclitaxel and a TLR-4 agonist results in tumor regression and enhanced immune
response in the tumor microenvironment of a mouse model. International Journal of
Pharmaceutics 445:171-180.

Ruggeri, B.A., F. Camp, and S. Miknyoczki. 2014. Animal models of disease: pre-clinical
animal models of cancer and their applications and utility in drug discovery.
Biochemical pharmacology 87:150-161.

Ruggeri, L., M. Capanni, E. Urbani, K. Perruccio, W.D. Shlomchik, A. Tosti, S. Posati, D. Rogaia,
F. Frassoni, F. Aversa, M.F. Martelli, and A. Velardi. 2002. Effectiveness of Donor
Natural Killer Cell Alloreactivity in Mismatched Hematopoietic Transplants. Science
295:2097.

Rusakiewicz, S., M. Semeraro, M. Sarabi, M. Desbois, C. Locher, R. Mendez, N. Vimond, A.
Concha, F. Garrido, N. Isambert, L. Chaigneau, V. Le Brun-Ly, P. Dubreuil, I. Cremer,
A. Caignard, V. Poirier-Colame, K. Chaba, C. Flament, N. Halama, D. Jager, A.
Eggermont, S. Bonvalot, F. Commo, P. Terrier, P. Opolon, J.F. Emile, ].M. Coindre, G.
Kroemer, N. Chaput, A. Le Cesne, ].Y. Blay, and L. Zitvogel. 2013. Immune infiltrates
are prognostic factors in localized gastrointestinal stromal tumors. Cancer research
73:3499-3510.

Sakamoto, N., T. Ishikawa, S. Kokura, T. Okayama, K. Oka, M. Ideno, F. Sakai, A. Kato, M.
Tanabe, T. EnoKki, ]. Mineno, Y. Naito, Y. Itoh, and T. Yoshikawa. 2015. Phase I clinical
trial of autologous NK cell therapy using novel expansion method in patients with
advanced digestive cancer. Journal of translational medicine 13:277.

Salazar-Mather, T.P., R. Ishikawa, and C.A. Biron. 1996. NK cell trafficking and cytokine
expression in splenic compartments after IFN induction and viral infection. The
Journal of Immunology 157:3054.

Sanmamed, M.F.,, C. Chester, I. Melero, and H. Kohrt. 2016. Defining the optimal murine
models to investigate immune checkpoint blockers and their combination with
other immunotherapies. Annals of oncology : official journal of the European Society
for Medical Oncology 27:1190-1198.

Savva, A, and T. Roger. 2013. Targeting Toll-Like Receptors: Promising Therapeutic
Strategies for the Management of Sepsis-Associated Pathology and Infectious
Diseases. Frontiers in immunology 4:

Schleypen, ].S., N. Baur, R. Kammerer, P.]. Nelson, K. Rohrmann, E.F. Grone, M. Hohenfellner,
A. Haferkamp, H. Pohla, D.J. Schendel, C.S. Falk, and E. Noessner. 2006. Cytotoxic
markers and frequency predict functional capacity of natural Killer cells infiltrating
renal cell carcinoma. Clinical cancer research : an official journal of the American
Association for Cancer Research 12:718-725.

Schmid, M.C,, and J.A. Varner. 2010. Myeloid cells in the tumor microenvironment:
modulation of tumor angiogenesis and tumor inflammation. Journal of oncology
2010:201026.

Sepehri, Z., Z. Kiani, F. Kohan, S.M. Alavian, and S. Ghavami. 2017. Toll like receptor 4 and
hepatocellular carcinoma; A systematic review. Life Sciences 179:80-87.

Shaffer, B.C,, ].-B. Le Luduec, C. Forlenza, A.A. Jakubowski, M.-A. Perales, ].W. Young, and K.C.
Hsu. 2016. Phase II Study of Haploidentical Natural Killer Cell Infusion for
Treatment of Relapsed or Persistent Myeloid Malignancies Following Allogeneic

185



Hematopoietic Cell Transplantation. Biology of Blood and Marrow Transplantation
22:705-709.

Shin, H.J., ]. Baker, D.B. Leveson-Gower, A.T. Smith, E.I. Sega, and R.S. Negrin. 2011.
Rapamycin and IL-2 reduce lethal acute graft-versus-host disease associated with
increased expansion of donor type CD4+CD25+Foxp3+ regulatory T cells. Blood
118:2342-2350.

Shin, M.S., H.S. Kim, S.H. Lee, W.S. Park, S.Y. Kim, ].Y. Park, ].H. Lee, S.K. Lee, S.N. Lee, S.S.
Jung, ].Y. Han, H. Kim, ].Y. Lee, and N.J. Yoo. 2001. Mutations of tumor necrosis factor-
related apoptosis-inducing ligand receptor 1 (TRAIL-R1) and receptor 2 (TRAIL-R2)
genes in metastatic breast cancers. Cancer research 61:4942-4946.

Shinkai, Y., G. Rathbun, K.-P. Lam, E.M. Oltz, V. Stewart, M. Mendelsohn, J. Charron, M. Datta,
F.Young, A.M. Stall, and F.W. Alt. 1992. RAG-2-deficient mice lack mature
lymphocytes owing to inability to initiate V(D)] rearrangement. Cell 68:855-867.

Shultz, L.D., M.A. Brehm, ].V. Garcia-Martinez, and D.L. Greiner. 2012. Humanized mice for
immune system investigation: progress, promise and challenges. Nature reviews.
Immunology 12:786-798.

Shultz, L.D,, ]. Keck, L. Burzenski, S. Jangalwe, S. Vaidya, D.L. Greiner, and M.A. Brehm.
2019a. Humanized mouse models of immunological diseases and precision
medicine. Mamm Genome 30:123-142.

Shultz, L.D., ]. Keck, L. Burzenski, S. Jangalwe, S. Vaidya, D.L. Greiner, and M.A. Brehm.
2019b. Humanized mouse models of immunological diseases and precision
medicine. Mamm Genome

Shultz, L.D., B.L. Lyons, L.M. Burzenski, B. Gott, X. Chen, S. Chaleff, M. Kotb, S.D. Gillies, M.
King, ]. Mangada, D.L. Greiner, and R. Handgretinger. 2005. Human lymphoid and
myeloid cell development in NOD/LtSz-scid IL2R gamma null mice engrafted with
mobilized human hemopoietic stem cells. ] Immunol 174:6477-6489.

Shultz, L.D., P.A. Schweitzer, S.W. Christianson, B. Gott, [.B. Schweitzer, B. Tennent, S.
McKenna, L. Mobraaten, T.V. Rajan, and D.L. Greiner. 1995. Multiple defects in innate
and adaptive immunologic function in NOD/LtSz-scid mice. The Journal of
Immunology 154:180.

Sica, A., P. Larghi, A. Mancino, L. Rubino, C. Porta, M.G. Totaro, M. Rimoldji, S.K. Biswas, P.
Allavena, and A. Mantovani. 2008. Macrophage polarization in tumour progression.
Seminars in cancer biology 18:349-355.

Slavin-Chiorini, D.C., M. Catalfamo, C. Kudo-Saito, ].W. Hodge, ]J. Schlom, and H. Sabzevari.
2004. Amplification of the lytic potential of effector/memory CD8+ cells by vector-
based enhancement of ICAM-1 (CD54) in target cells: implications for intratumoral
vaccine therapy. Cancer Gene Therapy 11:665-680.

Song, G., C. Liang, X. Yi, Q. Zhao, L. Cheng, K. Yang, and Z. Liu. 2016. Perfluorocarbon-Loaded
Hollow Bi2Se3 Nanoparticles for Timely Supply of Oxygen under Near-Infrared
Light to Enhance the Radiotherapy of Cancer. Advanced materials 28:2716-2723.

Sottile, R, P.N. Pangigadde, T. Tan, A. Anichini, F. Sabbatino, F. Trecroci, E. Favoino, L.
Orgiano, ]. Roberts, S. Ferrone, K. Karre, F. Colucci, and E. Carbone. 2016. HLA class |
downregulation is associated with enhanced NK-cell killing of melanoma cells with
acquired drug resistance to BRAF inhibitors. European journal of immunology
46:409-4109.

186



Souza-Fonseca-Guimaraes, F., ]. Cursons, and N.D. Huntington. 2019. The Emergence of
Natural Killer Cells as a Major Target in Cancer Immunotherapy. Trends in
immunology 40:142-158.

Srivastava, P.K. 2015. Neoepitopes of Cancers: Looking Back, Looking Ahead. Cancer
immunology research 3:969.

Srivastava, S., and S.R. Riddell. 2018. Chimeric Antigen Receptor T Cell Therapy: Challenges
to Bench-to-Bedside Efficacy. Journal of immunology 200:459-468.

Steinbacher, |, K. Baltz-Ghahremanpour, B.]. Schmiedel, A. Steinle, G. Jung, A. Kiibler, M.C.
André, L. Grosse-Hovest, and H.R. Salih. 2015. An Fc-optimized NKG2D-
immunoglobulin G fusion protein for induction of natural Killer cell reactivity
against leukemia. International journal of cancer 136:1073-1084.

Stevens, V.L., A.\W. Hsing, ].T. Talbot, S.L. Zheng, J. Sun, ]. Chen, M.]. Thun, J. Xu, E.E. Calle, and
C. Rodriguez. 2008. Genetic variation in the toll-like receptor gene cluster (TLR10-
TLR1-TLR6) and prostate cancer risk. International journal of cancer 123:2644-
2650.

Stolk, D., H.J. van der Vliet, T.D. de Gruijl, Y. van Kooyk, and M.A. Exley. 2018. Positive &
Negative Roles of Innate Effector Cells in Controlling Cancer Progression. Frontiers
in immunology 9:

Strowig, T., A. Rongvaux, C. Rathinam, H. Takizawa, C. Borsotti, W. Philbrick, E.E. Eynon,
M.G. Manz, and R.A. Flavell. 2011. Transgenic expression of human signal regulatory
protein alpha in Rag2-/-gamma(c)-/- mice improves engraftment of human
hematopoietic cells in humanized mice. Proceedings of the National Academy of
Sciences of the United States of America 108:13218-13223.

Suek, N., L.F. Campesato, T. Merghoub, and D.N. Khalil. 2019. Targeted APC Activation in
Cancer Immunotherapy to Enhance the Abscopal Effect. Frontiers in immunology
10:604.

Sugamura, K., H. Asao, M. Kondo, N. Tanaka, N. Ishii, K. Ohbo, M. Nakamura, and T.
Takeshita. 1996. The Interleukin-2 Receptor y Chain: Its Role in the Multiple
Cytokine Receptor Complexes and T Cell Development in XSCID. Annual review of
immunology 14:179-205.

Sun, C.,, H.-y. Sun, W.-h. Xiao, C. Zhang, and Z.-g. Tian. 2015. Natural Killer cell dysfunction in
hepatocellular carcinoma and NK cell-based immunotherapy. Acta Pharmacologica
Sinica 36:1191.

Suzuki, K.-i.,, H. Hiramatsu, M. Fukushima-Shintani, T. Heike, and T. Nakahata. 2007.
Efficient assay for evaluating human thrombopoiesis using NOD/SCID mice
transplanted with cord blood CD34+ cells. European Journal of Haematology 78:123-

130.
Takeuchi, 0., and S. Akira. 2010. Pattern Recognition Receptors and Inflammation. Cell
140:805-820.

Takeuchi, 0., T. Kawai, P.F. Muhlradt, M. Morr, ].D. Radolf, A. Zychlinsky, K. Takeda, and S.
Akira. 2001. Discrimination of bacterial lipoproteins by Toll-like receptor 6.
International immunology 13:933-940.

Takeuchi, 0., S. Sato, T. Horiuchi, K. Hoshino, K. Takeda, Z. Dong, R.L. Modlin, and S. Akira.
2002. Cutting edge: role of Toll-like receptor 1 in mediating immune response to
microbial lipoproteins. Journal of immunology 169:10-14.

187



Takizawa, H., and M.G. Manz. 2007. Macrophage tolerance: CD47-SIRP-alpha-mediated
signals matter. Nature immunology 8:1287-1289.

Tanji, H., U. Ohto, T. Shibata, M. Taoka, Y. Yamauchi, T. Isobe, K. Miyake, and T. Shimizu.
2015. Toll-like receptor 8 senses degradation products of single-stranded RNA.
Nature Structural &Amp; Molecular Biology 22:109.

Theocharides, A.P.A., A. Rongvaux, K. Fritsch, R.A. Flavell, and M.G. Manz. 2016. Humanized
hemato-lymphoid system mice. Haematologica 101:5.

Tonn, T,, S. Becker, R. Esser, D. Schwabe, and E. Seifried. 2001. Cellular Inmunotherapy of
Malignancies Using the Clonal Natural Killer Cell Line NK-92. Journal of
Hematotherapy & Stem Cell Research 10:535-544.

Tonn, T., D. Schwabe, H.G. Klingemann, S. Becker, R. Esser, U. Koehl, M. Suttorp, E. Seifried,
0.G. Ottmann, and G. Bug. 2013. Treatment of patients with advanced cancer with
the natural Killer cell line NK-92. Cytotherapy 15:1563-1570.

Traggiai, E., L. Chicha, L. Mazzucchelli, L. Bronz, J.-C. Piffaretti, A. Lanzavecchia, and M.G.
Manz. 2004. Development of a Human Adaptive Immune System in Cord Blood Cell-
Transplanted Mice. Science 304:104.

Tran, T.H., T.T.P. Tran, D.H. Truong, H.T. Nguyen, T.T. Pham, C.S. Yong, and J.O. Kim. 2019.
Toll-like receptor-targeted particles: A paradigm to manipulate the tumor
microenvironment for cancer immunotherapy. Acta Biomater

Tuccitto, A., E. Shahaj, E. Vergani, S. Ferro, V. Huber, M. Rodolfo, C. Castelli, L. Rivoltini, and
V. Vallacchi. 2019. Immunosuppressive circuits in tumor microenvironment and
their influence on cancer treatment efficacy. Virchows Archiv : an international
journal of pathology 474:407-420.

Unger, W.W.,, T. Pearson, J.R. Abreu, S. Laban, A.R. van der Slik, S.M. der Kracht, M.G. Kester,
D.V. Serreze, L.D. Shultz, M. Griffioen, ].W. Drijthout, D.L. Greiner, and B.O. Roep.
2012. Islet-specific CTL cloned from a type 1 diabetes patient cause beta-cell
destruction after engraftment into HLA-A2 transgenic NOD/scid/IL2RG null mice.
PloS one 7:€49213.

Ursu, R, A. Carpentier, P. Metellus, V. Lubrano, F. Laigle-Donadey, L. Capelle, J. Guyotat, O.
Langlois, L. Bauchet, K. Desseaux, A. Tibi, O. Chinot, J. Lambert, and A.F. Carpentier.
2017. Intracerebral injection of CpG oligonucleotide for patients with de novo
glioblastoma-A phase Il multicentric, randomised study. European journal of cancer
73:30-37.

Ursu, R, S. Taillibert, C. Banissi, E. Vicaut, O. Bailon, E. Le Rhun, ].S. Guillamo, D. Psimaras, A.
Tibi, A. Sacko, A. Marantidou, C. Belin, and A.F. Carpentier. 2015. Immunotherapy
with CpG-ODN in neoplastic meningitis: A phase I trial. Cancer science 106:1212-
1218.

van den Broek, M.E,, D. Kagi, F. Ossendorp, R. Toes, S. Vamvakas, W.K. Lutz, C.]. Melief, R.M.
Zinkernagel, and H. Hengartner. 1996. Decreased tumor surveillance in perforin-
deficient mice. The Journal of experimental medicine 184:1781-1790.

Veluchamy, ]J.P., A.M. Heeren, J. Spanholtz, ].D.H. van Eendenburg, D.A.M. Heideman, G.G.
Kenter, H.M. Verheul, H.]. van der Vliet, E.S. Jordanova, and T.D. de Gruijl. 2017a.
High-efficiency lysis of cervical cancer by allogeneic NK cells derived from umbilical
cord progenitors is independent of HLA status. Cancer Immunology, Inmunotherapy
66:51-61.

188



Veluchamy, J.P., S. Lopez-Lastra, ]. Spanholtz, F. Bohme, N. Kok, D.A.M. Heideman, H.M.W.
Verheul, ].P. Di Santo, T.D. de Gruijl, and H.J. van der Vliet. 2017b. In Vivo Efficacy of
Umbilical Cord Blood Stem Cell-Derived NK Cells in the Treatment of Metastatic
Colorectal Cancer. Frontiers in immunology 8:

Vijay, K. 2018a. Toll-like receptors in immunity and inflammatory diseases: Past, present,
and future. International immunopharmacology 59:391-412.

Vijay, K. 2018b. Toll-like receptors in immunity and inflammatory diseases: Past, present,
and future. International immunopharmacology 59:391-412.

Vilalta, M., M. Rafat, and E.E. Graves. 2016. Effects of radiation on metastasis and tumor cell
migration. Cell Mol Life Sci 73:2999-3007.

Villegas, F.R,, S. Coca, V.G. Villarrubia, R. Jimenez, M.]. Chillon, J. Jareno, M. Zuil, and L. Callol.
2002. Prognostic significance of tumor infiltrating natural killer cells subset CD57 in
patients with squamous cell lung cancer. Lung Cancer 35:23-28.

von Hansemann, D.P. 1890. On the asymmetrical cell division in epithelial cancers and its
biological significance. Virchows Archiv. A, Pathological anatomy and histopathology
119:299.

Voronov, E., D.S. Shouval, Y. Krelin, E. Cagnano, D. Benharroch, Y. Iwakura, C.A. Dinarello,
and R.N. Apte. 2003. IL-1 is required for tumor invasiveness and angiogenesis.
Proceedings of the National Academy of Sciences of the United States of America
100:2645-2650.

Waldhauer, I., and A. Steinle. 2008. NK cells and cancer immunosurveillance. Oncogene
27:5932-5943.

Waldmann, T.A. 2013. The biology of IL-15: implications for cancer therapy and the
treatment of autoimmune disorders. J Investig Dermatol Symp Proc 16:S28-30.

Walsh, N.C,, L.L. Kenney, S. Jangalwe, K.E. Aryee, D.L. Greiner, M.A. Brehm, and L.D. Shultz.
2017. Humanized Mouse Models of Clinical Disease. Annu Rev Pathol 12:187-215.

Wan, R., ZW. Wang, H. Li, X.D. Peng, G.Y. Liu, ].M. Ou, and A.Q. Cheng. 2017. Human
Leukocyte Antigen-G Inhibits the Anti-Tumor Effect of Natural Killer Cells via
Immunoglobulin-Like Transcript 2 in Gastric Cancer. Cellular Physiology and
Biochemistry 44:1828-1841.

Wanderley, CW., D.F. Colon, J.P.M. Luiz, F.F. Oliveira, P.R. Viacava, C.A. Leite, ].A. Pereira,
C.M. Silva, C.R. Silva, R.L. Silva, C.A. Speck-Hernandez, ].M. Mota, ].C. Alves-Filho, R.C.
Lima-Junior, T.M. Cunha, and F.Q. Cunha. 2018. Paclitaxel reduces tumor growth by
reprogramming tumor-associated macrophages to an M1- profile in a TLR4-
dependent manner. Cancer research

Wang, D, L. Yang, D. Yue, L. Cao, L. Li, D. Wang, Y. Ping, Z. Shen, Y. Zheng, L. Wang, and Y.
Zhang. 2019. Macrophage-derived CCL22 promotes an immunosuppressive tumor
microenvironment via IL-8 in malignant pleural effusion. Cancer letters 452:244-
253.

Wang, H,, L. Yang, D. Wang, Q. Zhang, and L. Zhang. 2017. Pro-tumor activities of
macrophages in the progression of melanoma. Hum Vaccin Immunother 13:1556-
1562.

Wang, L., R. Zhu, Z. Huang, H. Li, and H. Zhu. 2013. Lipopolysaccharide-induced toll-like
receptor 4 signaling in cancer cells promotes cell survival and proliferation in
hepatocellular carcinoma. Dig Dis Sci 58:2223-2236.

189



Wang, M,, L.C. Yao, M. Cheng, D. Cai, ]. Martinek, C.X. Pan, W. Shi, A.H. Ma, RW. De Vere
White, S. Airhart, E.T. Liu, J. Banchereau, M.A. Brehm, D.L. Greiner, L.D. Shultz, K.
Palucka, and ].G. Keck. 2018. Humanized mice in studying efficacy and mechanisms
of PD-1-targeted cancer immunotherapy. FASEB journal : official publication of the
Federation of American Societies for Experimental Biology 32:1537-1549.

Wang, Q., Z. Zhou, S. Tang, and Z. Guo. 2012. Carbohydrate-monophosphoryl lipid a
conjugates are fully synthetic self-adjuvanting cancer vaccines eliciting robust
immune responses in the mouse. ACS Chem Biol 7:235-240.

Wang, X., P. Lupardus, S.L. LaPorte, and K.C. Garcia. 2009. Structural Biology of Shared
Cytokine Receptors. Annual review of immunology 27:29-60.

Watanabe, Y., T. Takahashi, A. Okajima, M. Shiokawa, N. Ishii, I. Katano, R. Ito, M. Ito, M.
Minegishi, N. Minegishi, S. Tsuchiya, and K. Sugamura. 2009. The analysis of the
functions of human B and T cells in humanized NOD/shi-scid/ycnull (NOG) mice
(hu-HSC NOG mice). International immunology 21:843-858.

Webb, ].R,, K. Milne, P. Watson, R.]. deLeeuw, and B.H. Nelson. 2013. Tumor-Infiltrating
Lymphocytes Expressing the Tissue Resident Memory Marker CD103 Are
Associated with Increased Survival in High-Grade Serous Ovarian Cancer. Clinical
Cancer Research 20:434-444.

Weiss, S.A., ].D. Wolchok, and M. Sznol. 2019. Immunotherapy of Melanoma: Facts and
Hopes. Clinical cancer research : an official journal of the American Association for
Cancer Research

Wen, L., R.E. Ley, P.Y. Volchkov, P.B. Stranges, L. Avanesyan, A.C. Stonebraker, C. Hu, F.S.
Wong, G.L. Szot, ].A. Bluestone, J.I. Gordon, and A.V. Chervonsky. 2008. Innate
immunity and intestinal microbiota in the development of Type 1 diabetes. Nature
455:1109-1113.

Weng, P.H.,, Y.L. Huang, ].H. Page, ].H. Chen, J. Xu, S. Koutros, S. Berndt, S. Chanock, M. Yeager,
J.S. Witte, R.A. Eeles, D.F. Easton, D.E. Neal, J. Donovan, F.C. Hamdy, K.R. Muir, G.
Giles, G. Severi, ].R. Smith, C.R. Balistreri, .M. Shui, and Y.C. Chen. 2014.
Polymorphisms of an innate immune gene, toll-like receptor 4, and aggressive
prostate cancer risk: a systematic review and meta-analysis. PloS one 9:e110569.

Wertel, L., ]. Surowka, G. Polak, B. Barczynski, W. Bednarek, ]. Jakubowicz-Gil, A. Bojarska-
Junak, and J. Kotarski. 2015. Macrophage-derived chemokine CCL22 and regulatory
T cells in ovarian cancer patients. Tumour biology : the journal of the International
Society for Oncodevelopmental Biology and Medicine 36:4811-4817.

Williams, J.A. 2018. Using PDX for Preclinical Cancer Drug Discovery: The Evolving Field. J
Clin Med 7:

Willinger, T., A. Rongvaux, H. Takizawa, G.D. Yancopoulos, D.M. Valenzuela, A.J. Murphy, W.
Auerbach, E.E. Eynon, S. Stevens, M.G. Manz, and R.A. Flavell. 2011. Human IL-3/GM-
CSF knock-in mice support human alveolar macrophage development and human
immune responses in the lung. Proceedings of the National Academy of Sciences of
the United States of America 108:2390-2395.

Winder, M., and A. Viros. 2018. Mechanisms of Drug Resistance in Melanoma. Handb Exp
Pharmacol 249:91-108.

Wolska, A., E. Lech-Maranda, and T. Robak. 2009. Toll-like receptors and their role in
carcinogenesis and anti-tumor treatment. Cell Mol Biol Lett 14:248-272.

190



Wunderlich, M., F.S. Chou, K.A. Link, B. Mizukawa, R.L. Perry, M. Carroll, and ].C. Mulloy.
2010. AML xenograft efficiency is significantly improved in NOD/SCID-IL2RG mice
constitutively expressing human SCF, GM-CSF and IL-3. Leukemia 24:1785-1788.

Xing, D., A.G. Ramsay, J.G. Gribben, W.K. Decker, J.K. Burks, M. Munsell, S. Li, S.N. Robinson,
H. Yang, D. Steiner, N. Shah, ].D. McMannis, R.E. Champlin, C. Hosing, P.A. Zweidler-
Mckay, E.J. Shpall, and C.M. Bollard. 2010. Cord Blood Natural Killer Cells Exhibit
Impaired Lytic Immunological Synapse Formation That Is Reversed With IL-2
Exvivo Expansion. Journal of Inmunotherapy 33:684-696.

Xu, X.-]., and Y.-M. Tang. 2014. Cytokine release syndrome in cancer immunotherapy with
chimeric antigen receptor engineered T cells. Cancer letters 343:172-178.

Yaguchi, T., A. Kobayashi, T. Inozume, K. Morii, H. Nagumo, H. Nishio, T. Iwata, Y. Ka, L.
Katano, R. Ito, M. Ito, and Y. Kawakami. 2018. Human PBMC-transferred murine
MHC class I/I1-deficient NOG mice enable long-term evaluation of human immune
responses. Cellular & molecular immunology 15:953-962.

Yajima, T., K. Hoshino, R. Muranushi, A. Mogi, R. Onozato, E. Yamaki, T. Kosaka, S. Tanaka, K.
Shirabe, Y. Yoshikai, and H. Kuwano. 2019. Fas/FasL signaling is critical for the
survival of exhausted antigen-specific CD8(+) T cells during tumor immune
response. Molecular immunology 107:97-105.

Yamauchi, T., K. Takenaka, S. Urata, T. Shima, Y. Kikushige, T. Tokuyama, C. Iwamoto, M.
Nishihara, H. Iwasaki, T. Miyamoto, N. Honma, M. Nakao, T. Matozaki, and K. Akashi.
2013. Polymorphic Sirpa is the genetic determinant for NOD-based mouse lines to
achieve efficient human cell engraftment. Blood 121:1316-1325.

Yee, C. 2018. Adoptive T cell therapy: points to consider. Current opinion in immunology
51:197-203.

Zamarron, B.F., and A.W. Chen. 2011. Dual Roles of Immune Cells and Their Factors in
Cancer Development and Progression. Int. J. Biol Sci 7:651 - 658.

Zaretsky, ].M., A. Garcia-Diaz, D.S. Shin, H. Escuin-Ordinas, W. Hugo, S. Hu-Lieskovan, D.Y.
Torrejon, G. Abril-Rodriguez, S. Sandoval, L. Barthly, J. Saco, B. Homet Moreno, R.
Mezzadra, B. Chmielowski, K. Ruchalski, I.P. Shintaku, P.J. Sanchez, C. Puig-Saus, G.
Cherry, E. Seja, X. Kong, J. Pang, B. Berent-Maoz, B. Comin-Anduix, T.G. Graeber, P.C.
Tumeh, T.N. Schumacher, R.S. Lo, and A. Ribas. 2016. Mutations Associated with
Acquired Resistance to PD-1 Blockade in Melanoma. The New England journal of
medicine 375:819-829.

Zhang, C., K. Zhao, W. By, D. Nj, Y. Liu, J. Feng, and J. Shi. 2015. Marriage of Scintillator and
Semiconductor for Synchronous Radiotherapy and Deep Photodynamic Therapy
with Diminished Oxygen Dependence. Angewandte Chemie International Edition
54:1770-1774.

Zhang, K., B. Zhou, Y. Wang, L. Rao, and L. Zhang. 2013. The TLR4 gene polymorphisms and
susceptibility to cancer: a systematic review and meta-analysis. European journal of
cancer 49:946-954.

Zhang, Q., J. Bi, X. Zheng, Y. Chen, H. Wang, W. Wu, Z. Wang, Q. Wu, H. Peng, H. Wei, R. Sun,
and Z. Tian. 2018. Blockade of the checkpoint receptor TIGIT prevents NK cell
exhaustion and elicits potent anti-tumor immunity. Nature immunology

Zhang, Q.-F., W.-W.Yin, Y. Xia, Y.-Y. Yi, Q.-F. He, X. Wang, H. Ren, and D.-Z. Zhang. 2016.
Liver-infiltrating CD11b-CD27- NK subsets account for NK-cell dysfunction in

191



patients with hepatocellular carcinoma and are associated with tumor progression.
Cellular And Molecular Immunology 14:819.

Zhou, Z., G. Liao, S.S. Mandal, S. Suryawanshi, and Z. Guo. 2015. A Fully Synthetic Self-
Adjuvanting Globo H-Based Vaccine Elicited Strong T Cell-Mediated Antitumor
Immunity. Chem Sci 6:7112-7121.

Zhou, Z., S.S. Mandal, G. Liao, ]. Guo, and Z. Guo. 2017. Synthesis and Evaluation of GM2-
Monophosphoryl Lipid A Conjugate as a Fully Synthetic Self-Adjuvant Cancer
Vaccine. Sci Rep 7:11403.

Zou, T.H., Z.H. Wang, and ].Y. Fang. 2013. Positive association between Toll-like receptor 4
gene +896A/G polymorphism and susceptibility to gastric carcinogenesis: a meta-
analysis. Tumour biology : the journal of the International Society for
Oncodevelopmental Biology and Medicine 34:2441-2450.

Zou, W. 2006. Regulatory T cells, tumour immunity and immunotherapy. Nature Reviews
Immunology 6:295-307.

Zou, W,, and L. Chen. 2008. Inhibitory B7-family molecules in the tumour
microenvironment. Nature reviews. Immunology 8:467-477.

Zumwalde, N.A,, and J.E. Gumperz. 2018. Modeling Human Antitumor Responses In Vivo
Using Umbilical Cord Blood-Engrafted Mice. Frontiers in immunology 9:54.

192



