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ABSTRACT

Multiple myeloma (MM) is a hematological malignancy which is caused by aberrant accumulation
of monoclonal plasma cells (PCs) within the bone marrow. The oncogenesis of MM is mediated
by chromosomal aberrations as well as the tumor microenvironment in the bone marrow. Signal
transducer and activator of transcription 3 (STAT3) is active in more than 50% of MM patients,
and it is known to induce cell growth, survival and drug resistance in MM cells. However,
activation of STAT3 in MM cells is largely dependent on exogenous soluble factors and cell
adhesion. Conventional culture method is therefore not an ideal model to recapitulate the in vivo
STAT3 activity of MM cells. In this thesis, I explored the importance of STAT3 in MM cells with
the consideration of MM tumor microenvironment using a 3D culture model. Moreover, I aimed
to develop a method for better delivery and efficacy of STAT3 inhibitor in vivo as a therapy for
MM. I hypothesize that STAT3 activity in MM cells is more pronounced in close-to-in vivo tumor
microenvironment, hence improvement of STAT3 inhibitor delivery by nanoparticle conjugation

and anti-CD38 conjugation is a valid therapy for MM.

A 3D scaffold culture model for MM cells was established for long-term culture of primary MM
cells by Kirshner et al. However, the biochemical and biological effects on MM cells in this 3D
model is not known. Two MM cell lines were found to have a higher level of active STAT3 (by
means of phosphorylated STAT3 or pSTAT3) in the 3D culture model were compared with their
counterparts in conventional culture. This elevated pSTAT3 level was dependent on the 3D
environment since it decreased soon after transferring to conventional culture. STAT3 inhibition
using a pharmacological agent, Stattic, significantly decreased the cell viability of MM cells and

sensitized them to bortezomib in 3D culture but not in conventional culture. Using an
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oligonucleotide array, 3D cultured MM cells showed increased expression of several known

STAT3 downstream genes implicated in oncogenesis.

Primary multiple myeloma (PMM) cells harvested from patients are highly valuable resources for
studying the biology of the disease and drug resistance. However, the use of these cells is limited
by the fact that PMM cells are short-lived in conventional culture. The role of STAT3 and 3D
culture system on prolonging the longevity of PMM cells was evaluated. Using PMM cells from
patients, a significantly higher total viable PMM cell number in 3D compared to conventional
culture was observed. However, the MM cell proliferation rate in the two culture systems was
similar. Correlating with the high MM cell viability, higher pSTAT3 level was also observed in
3D culture. After treatment of IL6, the PMM cell viability in 3D culture was further improved.
Treatment of Stattic on 3D cultured PMM cells significantly ablated their viability. On the other
hand, treatment of IL6 or Stattic did not change the cell viability of conventionally cultured PMM

cells.

Many STAT3 inhibitors have been developed, but none of them has been approved as a cancer
therapy due to their hydrophobicity and severe off-target toxicity. Lavasanifar Lab has developed
a nanoparticular formation of a STAT3 inhibitor, S3I-1757 (Null-S3I-NP) for better delivery and
in vivo efficacy. This nanoparticular formulation was conjugated with CD38 monoclonal antibody
(denoted as CD38-S31-NP) to further increase its MM cell targeting ability and anti-MM efficacy.
CD38-S3I-NP is slightly less stable than Null-NP with a higher S31-1757 release rate within a
short time. However, CD38-conjuagred nanoparticles showed significantly higher MM cellular

uptake than compared to plain nanoparticles. In keeping with this, CD38-S3I-NP resulted in a
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significantly lower ICso value in two IL6-stimulated MM cell lines compared to Null-S3I-NP.
CD38-S3I-NP suppressed MM tumor growth more effectively compared to Null-S3I-NP in vivo.
The pSTAT3 level in the bone marrow mononuclear cells was significantly reduced in MM-
bearing mice after CD38-S3I-NP treatment compared to Null-S3I-NP. These findings suggest that

CD38-S3I-NP is potent anti-STAT3 agent with MM cell-targeting ability.

In conclusion, this thesis reveals the essential role of STAT3 activity in maintaining the viability

of MM cells in the context of 3D microenvironment. Therefore, MM cell-targeting nanoparticles

with STATS3 inhibitor is believed to be a promising therapy for MM.
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CHAPTER 1

Introduction



1.1. Summary

Multiple myeloma (MM) is an incurable disease caused by accumulation of monoclonal plasma
cells (PC) in the bone marrow (1). It accounts for 1.4% of incidences and 1.8% of deaths among
all cancers in Canada in 2017 (2). The major symptoms of MM include hypercalcemia, renal
failure, anemia and bone lesion (CRAB). The two common staging systems used in MM diagnosis
are international staging system or Durie-Salmon staging system (3). The mainstream treatment of
MM is autologous stem cell transplantation combined with anti-MM regimens (4). The
oncogenesis of MM is resulted from aberrant chromosomal structures, extracellular stimulations
and tumor microenvironment. Chromosomal aberrations in MM cells can be structural (i.e.
translocation, amplification or deletion) or numerical (i.e. change in the total chromosome number).
Additionally, myelomagenesis is supported by both extracellular soluble ligands such as
interleukin-6 (IL6), insulin-like growth factor-1 (IGF1), B cell activating factor (BAFF)/
proliferation-inducing ligand (APRIL), and Notch receptor ligands. Other cell types and
extracellular matrix proteins also support oncogenesis of MM. Therefore, three-dimensional (3D)
culture models which precisely recapitulate the bone marrow microenvironment in MM provide
better understanding of MM biology. Signal transducer and activator of transcription 3 (STAT3)
is an oncoprotein which exerts its function by canonical and non-canonical pathways. The Y705
residue within the Src homology 2 (SH2) domain is the most important residue which dictate the
activity of STAT3. STATS3 is found to be activated in over 50% of MM patients (5). STAT3 SH2
domain inhibitors targeting the Y705 residue have been reported (6), but the low water solubility
and adverse side effects hinder them from clinical applications. Nanoparticle drug delivery system
have shown improved safety and anti-tumor efficacy (7), hence an approach to improve STAT3

inhibitor therapy.



1.2. Multiple myeloma

1.2.1 Normal plasma cells

Plasma cells (PCs) are a relatively rare population within the bone marrow, occupying roughly
0.25% of the total bone marrow mononuclear cells (BMMCs) (8). PCs are responsible for secretion
of antibody and are characterized by their large cell volume and abundant distribution of cytosolic
Golgi apparatus and rough endoplasmic reticulum (9). PCs are differentiated from plasmablasts
(i.e. immature plasma cells) in the bone marrow. After encountering an antigen, B cells undergo
differentiation process to pre-plasmablasts, plasmablasts and eventually PCs. During this process,
the cells lose the B cell identity via downregulation of PAX5 and upregulation of XBPI and Blimp1
(10). As aresult, the cells lose B cell surface markers (e.g. CD20) and gain plasma surface markers
(e.g. CD38 and CD138) (11). Due to limited PC niches in bone marrow, the newly differentiated
PCs will replace the old ones. PCs are characterized as non-proliferating cells with a lifespan
ranging from several days to several months depending on the antigen which activate them during

the B-cell phases (12).

1.2.2 Statistics, epidemiology and symptoms of MM

Multiple myeloma (MM) is a type of hematologic malignancies that is caused by dysfunctional
and clonogenic PCs (1). MM is usually derived from multiple niches within the bone marrow
cavity instead of one tumor, hence earns its name. According to 2017 Canadian Cancer Statistics
published, it is predicted to have 2900 cases of newly diagnosed MM (1.4% of all cases) and 1450
deaths due to MM (1.8% of all cancer deaths) next year in Canada (2). MM occurs predominantly
in seniors, with a median age of 65, and more often in American Africans compared to other

ethnicities (13). Due to the advances in MM therapy, the 5-year survival of MM has increased



from 10-15% to nearly 50% (13,14). However, nearly all MM patients develop relapse after
therapy, making it an incurable disease. MM cells typically have a slow proliferation rate, with an
average of 3.0%, 6.0% and 6.5% Ki-67 (a cell proliferation marker) positivity in Stage I, II and III
MM patients, respectively (15). However, they produce a large amount of monoclonal
immunoglobulin fragments referred as “M components” or “M proteins”. A high serum
concentration of M protein eventually overwhelms the renal filtration system, leading to renal
failure. Accumulation of MM cells in the bone marrow disturbs the hematopoiesis of normal red
blood cells in the bone marrow, resulting in anemia. Lastly, MM cells facilitate bone resorption by
inducing the differentiation and maturation of osteoclasts (bone-digesting cells), leading to
occurrence of bone lesions. Collectively, hypercalcemia, renal failure, anemia and bone lesions

(CRAB) are the major symptoms of MM.

1.2.3. Diagnosis of MM and pre-MM disorders

According to World Health Organization MM staging standards, the minimum diagnostic criteria
of MM is the presence of more than 10% neoplastic plasma cells in bone marrow biopsy (16).
Quantification of plasma cells is therefore required for diagnosis of MM. The common methods
for quantification of bone marrow plasma cell numbers are flow cytometry immunophenotyping
(FCIP) and immunohistochemistry staining of MM patient bone marrow biopsy. Neoplastic
plasma cells have some signatures different from normal plasma cells such as low CD19 and CD45
expressions and high CD56, CD38 and CD138 expressions (17). Some pathological parameters of
MM including abundant secretion of M proteins and the presence of bone lytic lesions are also
used for diagnosis of MM (16). Serum and urine concentrations of M proteins provides an

estimation of the number of malignant PCs within in the bone marrow. Magnetic resonance



imaging (MRI), computed tomography (CT) scans and positron-emission tomography (PET) scans

provide visualization of MM-induced bone lytic lesions.

Clinical criteria for MM and pre-MM disorders have been established according to the Clinical

Practice Guidelines for MM published by Alberta Health System (18):

» Monoclonal gammopathy of undetermined significance (MGUS): <3g/dL M-protein, <10%
monoclonal plasma cells in BM, no end-organ damage. In this stage, the concentration of
serum M protein and the percentage of monoclonal PCs in BM is higher than healthy
individuals, but no associated symptoms were observed. The rate of malignant transformation
from MGUS to MM is 1% per year (19).

» Smoldering MM: >3g/dL. M-protein, >10% monoclonal plasma cells in BM, no end-organ
damage.

» Symptomatic MM: >3g/dL. M-protein, >60% monoclonal plasma cells in the bone marrow,
CRAB is usually seen and at least one bone lesion is observed.

» Extramedullary MM: above criteria plus if metastasis of MM cells outside of bone marrow is

seen and/or secondary plasma cell leukemia is found.

Refractory MM refers to cases which did not show minimal response (i.e. 25-49% reduction of
serum M proteins and 50-89% reduction of urine M protein within 24 hours according to the
European Group for Blood and Marrow Transplantation criteria) to MM therapy (20). Refractory
MM can be classified as “primary refractory MM” and “relapsed and refractory MM”. Patients

with primary refractory MM never show minimal response or better to any initial MM therapy.



Relapsed and refractory MM patients are those who minimally respond to initial therapy, but not

the following therapy, or progression of disease is observed 60 days after the initial therapy.

1.2.4. Common staging systems for MM

Within symptomatic MM, the patients can be classified into three stages. There are two common
staging systems used in MM, International Staging System and Durie-Salmon Staging System.
1.2.4.1. International staging system

International staging system is the most commonly used for MM in Canada. It is determined by
two parameters: serum [2-microglobulin and albumin levels. f2-microglobulin (f2M) indicates
renal malfunction whereas albumin is the normal protein which is abundantly present in the serum
of healthy individuals. In ISS, Stage I is defined as serum f2M concentration is less than 3.5 mg/L
and serum albumin level is greater or equal to 3.5 g/dL. Stage III is defined as serum 2M level
greater than 5.5 mg/L. Any concentration in between will be defined as Stage II (21). Although
commonly employed, the ISS staging system does not always precisely predict the prognosis of
MM. In a cohort study, a normal seral concentration of 2M was found in 9% of MM cases from
diagnosis to death (15). Currently, a revised international staging system has been postulated with
additional considerations on patients chromosomal abnormality which is linked to high-risk (i.e.
deletion of chromosome 17p, translocation between chromosome 4 or 16 with chromosome 14)

genomic alterations and lactate dehydrogenase levels (22).

1.2.4.2. Durie-Salmon staging system
Durie-Salmon staging system was proposed by two clinicians in 1975 (3). This system stratify

MM patients based on the parameters that are directly linked to CRAB including hemoglobin level,



serum calcium concentration, serum and urinal monoclonal components and detectable bone
lesions. The following features have to be met to be classified as Stage I: hemoglobin level higher
than 100 g/L, blood calcium level < 2.8 mmol/L, IgG/IgA levels less than 50 and 30 g/L,
respectively and less than 4 g of M proteins in urine. Additionally, no detectable bone lesion or
only single myeloma is seen in Stage 1. To be diagnosed as Stage III, the hemoglobin level should
be less than 85 g/L, blood calcium level should be more than 2.8 mmol/L, IgG/IgA levels should
be higher than 70 and 50 g/L, respectively and urine M protein should be more than 12 g. In this
stage, it is expected to see severe bone damage. Any feature which falls between Stage I and III

will be diagnosed as Stage II.

1.2.5. Current therapy for MM

The two major approaches for MM treatment are autologous stem cell transplantation and anti-
MM regimens, and both are used for most of the time. The eligibility of MM patients for
autologous stem cell transplantation is determined by multiple factors such as age (typically <65
years old) and organ functionality. A complete course of autologous stem cell transplantation
consists of 4 regimens for induction, conditioning, consolidation and maintenance as outlined in
Figure 1.1. For induction regimen, it was reported that a triplet-based induction regimen (i.e.
simultaneous treatment with three anti-MM compounds) resulted in best overall response rate
compared to doublet-based regimens based on four Phase III clinical trials (23—26). Additionally,
inclusion of at least one novel therapeutic (bortezomib, which is a proteasome inhibitor;
lenalidomide or thalidomide, which are immunomodulatory drugs) in the triplet-based induction
regimen is recommended. For example, the induction regimen containing bortezomib, doxorubicin

and dexamethasone was found significantly increased the overall response rate compared to that



Induction Regimens
Triplet-regimens containing at
least one novel agent
(Bortezomib, thalidomide or lenalidomide)

-

Conditioning Regimens
High-dose melphalan

-

STEM CELL TRANSPLANTATION

-

Consolidation Regimens
(e.g. vincristine + thalidomide + dexamethasone)

-

Maintenance Regimens
Bortezomib or lenalidomide or thalidomide

Figure 1.1. Scheme of autologous stem cell transplantation. Induction regimens consist of
triplet-regimen including at least one of bortezomib, thalidomide or lenalidomide. Conditioning
regimens contains high-dose melphalan. After transplantation, a consolidation regimen is followed.

Single-agent maintenance regimens will be administered at last.

containing vincristine, doxorubicin and dexamethasone in a Phase III clinical trial (27). The
common conditioning regimen before transplantation is high-dose melphalan 200 mg/kg? (28).
After transplantation, a consolidation regimen is administered to improve the transplantation
efficacy. For example, autologous stem cell transplantation followed by the treatment of
vincristine, thalidomide and dexamethasone significantly resulted in increased complete response
rate, very good partial response rate and partial response rate compared to transplantation alone in

a clinical trial study (29). Finally, a maintenance regimen serves for prolonged response after



transplantation is required. Usually, a maintenance regimen contains a single agent (bortezomib,
lenalidomide or thalidomide). For transplantation ineligible MM patients, a regimen containing
cyclophosphamide, bortezomib and dexamethasone is used, followed by a maintenance regimen
containing bortezomib (30). For relapsed and refractory MM patients, participation in clinical trials
of novel agents is usually recommended (18). For example, it was shown that daratumumab, a
monoclonal antibody against CD38, was able to induce cell lysis in lenalidomide- or bortezomib-

resistant PMM cells (31).

1.2.6. Chromosomal aberrations in MM

Chromosomal aberrations found in MM patient samples can be categorized into two non-exclusive
groups, structural and numerical aberrations. Structural aberrations are resulted from change of
chromosome integrity by translocation, amplification (gain) or deletion (loss). The IgH gene locus
on chromosome 14 is the most frequent spot of translocation, which account for approximately
70% of MM cases (32). Due to abundant expression of IgH in plasma/MM cells, the IgH
translocation often lead to overexpression of the oncogenes integrated downstream of the IgH
enhancer element including Myc (1(8;14)), MAF (t(14;16)), CCND1 (t(11;14)) CCND3 (t(6;14))
and FGFR (t(4;14)) (33). Common IgH translocations in MM patients include t(11;14) and t(4;14)
which account for 12-14% and 15-21% of MM patients in three different cohort studies (34-36).
The most common deletion in MM patients is at del13q14 (9-11%) and del17p13 (45-48%), where
two well-known tumor suppressor genes, RBI and p53 (34-36) locate. A common chromosome
amplification in MM is 1q21" which encodes oncogenes PSMD4 and CKS1B, which contribute to
bortezomib-resistance and cell-cycle progression in MM cells, respectively (37,38). Numerical

aberrations are caused by changes in the total chromosome number and can be subdivided into



hyperdiploidy (when total chromosome number is between 48-74) and non-hyperdiploidy (any
chromosome number other than 48-74). Numerical aberrations often occur in odd chromosomes
as trisomy such as chromosomes 3, 5, 7, 9, 11, 15 and 19 (39). The frequencies of multiple
chromosome aberrations within the MM cell population in a patient vary over time, suggesting the
occurrence of MM clonal evolution. While IgH translocations and hyperdiploidy/non-
hyperdiploidy are observed in the majority of MM cells, two studied have reported the appearance
of minor chromosomal aberrations such as dell3ql4, dell7p13 and 1q21°, suggesting the
existence of MM subclones and clonal evolution (40,41). The prevalence of some chromosomal
aberrations in MM patients were found positively correlated with disease progression, resistance
to chemotherapy and poor prognosis. For example, 1g21" was found in 43% newly diagnosed MM
patients, but was found in 72% of relapsed MM patients (42). Another study showed that MM
patients carrying 1q21" or del17p13 resulted in significant short overall survival after lenalidomide
and dexamethasone treatment (43). According to the Clinical Practice Guidelines published by
Alberta Health System, MM patients carrying del17p13, t(4;14) or t(14;16) are classified as “high
risk” and are expected to have a worse outcome after autologous stem cell transplantation (18).

The global-scale changes in chromosomes always lead to dramatic alteration in gene expression.
Multiple changes in gene expression results in a broad range of survival in MM patients ranging
from months to decades. Normal PCs are non-proliferative due to expression of cell cycle arrest
proteins such as p21, p27 that prevents the progression of cell cycle. This regulation of cell is
defected in myeloma cells. Aberrant chromosomal structures and/or signaling transduction lead to
overexpression of cyclin D. In MM, the most overexpressed isoforms are cyclin D1 (CCND1) and
cyclin D2 (CCND2). High expression of CCND] is caused by translocation of CCNDI locus to

the downstream of heavy chain IgH locus. Due to that IgH is highly expressed in PCs, the
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translocated genes will be overexpressed as well. CCND2, on the other hand, is overexpressed due
to aberrant signal transduction (e.g. cMyc or FGFR3). Overexpression of different CCNDs in MM
cells can respond differently to different extracellular stimuli. It has been reported that APRIL and
BAFF stimulated the cell-cycle progression and improved cell viability of primary MM cells

(PMM) with CCND2 but not CCND1I or CCND3 overexpression (44).

1.2.7. Extracellular signaling of MM

MM cells are stimulated by multiple extracellular ligands within the bone marrow as outlined in
Figure 1.2. In this section, major extracellular signaling including IL6/IL6R, IGF1/IGFIR,
BAFF/APRIL and Notch on MM cells will be discussed.

1.2.7.1. IL6/IL6R

IL6 is a cytokine which is required for B cell differentiation and plasmacytoma cell survival and
proliferation (45,46). It was first found that IL6 induced proliferation of PMM cells in 6 out 10
patients in 1989 (47). IL6 is the most studied upstream stimulator of STAT3 signaling pathway in
MM cells, despite that other members of IL6 family are also reported to activate STAT3 such as
IL11, LIF, CNTF, OSM and cardiotrophin-1 (48—52). Upon binding, IL6 forms a complex with its
receptor (IL6R) and a common receptor, glycoprotein 130 (gp130) which recruits intracellular
Janus kinase (JAK) for downstream signal transduction. While gp130 is ubiquitously expressed,
IL6R expression is tightly regulated and the limiting factor of IL6 signaling in normal cells. It is
found that IL6R is significantly more expressed in MM cells or MGUS PCs compared to normal
PCs (53). IL6R and gp130 can be soluble if its transmembrane domain is cleaved by proteolysis

or by alternative mRNA splicing (54). Soluble IL6R is able to bind to IL6 and gp130 on cell
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Figure 1.2. Extracellular signaling of MM cells. MM cells can be stimulated by extracellular
ligands such as IL6, IGF1, BAFF/APRIL and Notch. These stimulations can trigger different
signaling pathways. IL6/IL6R activates JAK/STAT3, MAPK/ERK and PI3K/Akt pathways.
IGF1/IGF1R activates MAPK/ERK and PI3K/Akt pathways. BAFF/APRIL activates NF-kB
pathway. Notch receptor can be cleaved upon binding of Jagged or DLL, and cleaved Notch can

itself regulate gene expression.

membrane as an alternative source of IL6R (55). Soluble gp130, on the other hand, acts as an

antagonist which sequester soluble IL6R and IL6 from binding to cell membrane.
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It was found that the serum concentration of IL6 was higher in MM patients than in healthy donors
(56). RT-PCR also revealed that the IL6 mRNA level in BMMCs from MM patients is higher
compared to healthy individuals (57). The source of high IL6 protein levels in MM remains a
debate. Some studies suggested that MM cells are able to produce IL6 themselves for autocrine
stimulation. For example, two studies reported a high IL6 and IL6R mRNA expression levels in
CD38'CD45 MM cells isolated from patient samples as well as in a MM cell line, U266 (58,59).
On the other hand, some other studies suggest that IL6 is primarily from the neighboring stromal
cells by paracrine stimulation. For example, one study found that PMM cells and MM cell lines
(RPMI8226 and U266) lost their ability to secrete IL6 if cultured in conventional culture for
prolong period (2-3 weeks) (60). Another study demonstrated that IL6 mRNA is mainly expressed
in CD13"CD15" myeloid cells but not in MM cells by RT-PCR (57). In another study, increased
IL6 secretion was detected when PMM cells were cocultured with stromal cells from MM patients
or from healthy donors (53). It was also found that normal human mast cells and basophilic cells
are capable of secreting IL6 upon activation by PMA and calcium ionophore (61). Direct cell-cell
interaction between MM cells and stromal cells by B1, B2 integrins and fibronectin also contributed
to high IL6 secretion in the culture (62). A mechanistic study found that the secretion of IL6 by
stromal cells was induced by IL1-dependent synthesis of prostaglandin 2 by MM cells, and
blockade of IL1/IL1R binding or PGE2 protein synthesis greatly reduced the IL6 level in BMMCs

(63).

It was reported that IL6 secretion was positively correlated with the progression of MM. The
relapsed MM shows high IL6 production compared to newly diagnosed MM, suggesting that the

progression of MM is largely due to the expansion of IL6-secreting MM cells (64). IL6 is a
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common stimulator of multiple intracellular signaling pathways in MM cells including
JAK/STATS3, Ras/Raf/MAPK and PI3K/Akt (65—67). The mechanism of how IL6 triggers STAT3

in MM will be discussed below in section 1.3.3.

1.2.7.2. IGF1/IGF1R

IGF1 is required for MM cell proliferation and survival. It stimulates MM cells by binding to its
receptor IGF1R. Higher expression of IGFIR was found in MM cell lines and PMM cells
compared to normal PCs and was correlated with shorter overall survival (68). It was found that
IGF1 induced DNA synthesis, cell-cycle progression from G1 phase to S phase and cell growth in
MM cell lines (69). Interestingly, IGF1 was found to have no effect on cell growth in normal B
cells (69). Blockade of IGF1 binding to IGF1R using a monoclonal antibody resulted in decreased
DNA synthesis and cell viability in MM cell lines (69,70). Additionally, blocking IGF1/IGF1R
signaling did not affect the IL6 stimulation in MM cells and vice versa (71). In the same study, it
was found that IGF1 resulted in phosphorylation of Erk but not STAT3 phosphorylation (71). This
finding suggests that the signaling transductions triggered by IL6 and IGF1 are not completely
overlapped. Another signaling pathway known to be activated by IGF1 is PI3K/Akt (65). While
Erk activation increases cell proliferation, PI3K/Akt activation prevents MM cells from
undergoing apoptosis. Akt is known to be able to phosphorylate a proapoptotic protein BAD,
making it unable to bind to antiapoptotic proteins such as Bcl-xL (72). Without binding of BAD,
anti-apoptotic proteins (e.g. Bcl-2, Bel-xL and 14-3-3) can bind to mitochondria and prevent the
release of cytochrome ¢, which is required to undergo intrinsic apoptosis (73). Overexpression of
PTEN, but not other phosphatases such as SHP1 and SHP2, was able to block IGF/IGFR-induced

PI3K/Akt activation in MM cell lines (74,75). Intriguingly, it was found that in MM cells that the
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inhibition of IGF-induced PI3K signaling using LY294002 resulted in inactivation of both Akt and
MAPK, whereas inhibition of IGF1-induced MAPK signaling using PD98059 did not affect PI3K
activity, suggesting that PI3K is the manual upstream molecule of both PI3K/Akt and MAPK
signaling pathways (76). IGF1 induced PI3K/Akt activity is also required for MM cells to attach

to fibronectin in the bone marrow (77).

1.2.7.3. BAFF/APRIL signaling pathway

B cell activating factor (BAFF) and a proliferation-inducing ligand (APRIL) are the two tumor
necrotic factor (TNF) family members which are known to activate NF-kB signaling pathway in
malignant PCs (78). Binding of BAFF and APRIL to a membrane-bound type 1 tumor necrotic
factor receptor (TNFR1) causes recruitment and phosphorylation of IkK, which triggers
phosphorylation and proteasomal degradation of IKB, which is the inhibitory subunit of the NF-
kB transcription factor complex (79). It was reported that the serum BAFF and APRIL
concentrations in MM patients were significantly higher compared to those in healthy individuals
(80). Moreover, MM patients with a level of BAFF or APRIL higher than the median showed a
significantly shorter progression-free survival (80). The treatment of BAFF and APRIL resulted
in dexamethasone-induced apoptosis in MM cell lines and PMM cells, and blockade of NF-xB
signaling using an inhibitory peptide resulted in loss of dexamethasone resistance (81). Antibody
against BRAF showed ability to reduce the degree of bone lytic lesion and improve survival in
MM-bearing mice (82). In colorectal cancer cell lines, it was found that NF-kB can also bind to
APRIL gene promoter to increased expression of APRIL (83), suggesting a positive feedback loop

signaling between APRIL and NF-kB can exist in MM cells.
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1.2.7.4. Notch

Notch is a transmembrane protein which cytosolic domain is cleaved by y-secretase upon binding
of ligands, Jagged or DLL (84). The cleaved Notch is able to translocate into the nucleus and
regulate gene expression for biological processes such as differentiation and morphogenesis (85).
Notch2 is overexpressed in MM patients with t(14;16) [gH-MAF translocation because Notch2 is
a downstream target of MAF (86). Inhibition of Notch signaling pathway reduced the proliferation
rate and induced apoptosis in MM cell lines (87). Moreover, Notch signaling pathway upregulate
the expression level of CXCR4 in MM cells, which is responsible for bone marrow homing and is
associated with poor prognosis (87). Importantly, Notch signaling pathway was reported to

associate with resistance to melphalan and doxorubicin in both MM cell lines and PMM cells (88).

1.2.8. Tumor microenvironment and MM cells

Multiple cellular and non-cellular components within the bone marrow interact with MM cells and
contribute to MM disease progression, as summarized in Figure 1.3 (89). In this section, the
relationship of each component with MM cells and how this relationship leads to MM pathogenesis
will be discussed.

1.2.8.1. Bone marrow stromal cells

Bone marrow stromal cells (BMSCs) consist of multipotent progenitor cells which are responsible
for formation of connective tissues such as bone, cartilage, adipocytes and stroma (90). Moreover,
BMSCs provide mechanical support and residence to hematopoietic cells. The adhesion molecules
on the surface of BMSCs, ICAM-1, VCAM-1 can interact with LFA-1 and VLA-4 expressed by
MM cells, respectively. It was found that TNFa secreted by MM cells promoted the interaction

between MM and BMSCs. Physical adhesion with MM cells and TNFa triggered the activation of
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MAPK and NF-«B signaling pathways and the release of IL6 in BMSCs (91). BMSCs also
contributes to drug resistance of MM cells by binding to their Notchl receptor (92). Mesenchymal
stem cells are the precursors of BMSCs (89). It was reported that mesenchymal stem cells from
MM patients release more extracellular cytokines and growth factors such as IL6, VEGF and TNFa

in exosomes which are important for MM oncogenesis compared to those from healthy donors

(93).

1.2.8.2. Osteoclasts and osteoblasts
Bone lesions is a main feature of MM due to disturbed bone remodeling equilibrium between bone

formation and bone breakdown or resorption in the bone marrow (94). There are two types of cells
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Figure 1.3. MM cells and the tumor microenvironment. MM cells promote the release of 1L6
from BMSCs by VCAM-1-VLA-4 and ICAM-1-LFA-1 adhesions and TNFa, leading to increased
MM cell growth and survival. Binding of PD-L1 on MM cells to PD-1 on cytotoxic T cells or NK
cells suppresses the immune response to MM cells. MM cells release RANKL, which promotes
osteoclast activity and suppresses osteoblast activity. Adhesion of MM cells to ECM proteins

increases the drug resistance of MM cells.

in the bone which counteract each other: osteoblasts secrets matrix which is later mineralized to
form new bones while osteoclasts digest bone materials (95). Both osteoblasts and osteoclasts
surround osteocytes (i.e. bone cells) in a structure referred as “bone multicellular unit” within the
bone marrow. It was found that MM cells promote the release of RANKL, a protein required for
osteoclast differentiation and activation, in the preosteoblastic cells or BMSCs (96). It was found
in other studies that PMM cells (CD38"CD138") from patients can express RANKL themselves
(97). On the other hand, the release of OPG from bone stromal cells, a protein inhibitor of
osteoclasts, was downregulated by MM cells (96). Osteoclasts also promote proliferation and
angiogenesis by secreting IL6 and osteopontin (98). The bone formation in MM is inhibited by
suppressing osteoblastic differentiation and activity. It was known that Wnt/B-catenin pathway is
essential for osteoblastic differentiation. In MM patients, the expression of an antagonist of Wnt
pathway, Dkk-1, was positively correlated with severe bone lesions (97). Treatment of a
neutralizing antibody against Dkk-1 was found to suppress tumor growth and bone disease in a
MM animal model (99). It was also found that MM cells secrete another Wnt pathway antagonist,
sFRP-2, which inhibits bone formation. Another mechanism by which MM cells downregulate
osteoblastic differentiation is by inhibiting the transcriptional activity of Runx2 via physical

interaction with osteoblasts (100).
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1.2.8.3. Hematopoietic cells

The aberrant immunity is a contributing factor of MM progression. This is supported by the result
that significantly higher progression-free survival and overall survival rates after allogeneic
compared to autologous stem cell transplantation in 357 MM patients (101). An elevated level of
IL6 and TGFP in MM bone marrow promoted overexpression of CD39 and CD73 in T helper 17
(Th17) cells, which convert ATP to immunosuppressive ectonucleotide adenosine (102).
Moreover, conversion of Th17 cells to regulatory T (Treg) cells was observed in MM bone marrow
by elevated expression of FOXP3 and CTLA4, the two signature genes of Treg cells (103). MM
cells suppress the anti-tumor activity of cytotoxic T cells by direct cell-cell interaction. The
interaction is mediated by PD-1 expressed by cytotoxic T cells and PD-L1 expressed by MM cells,
both are overexpressed in MM patients (104). PD-1 and PD-L1 interaction inhibit the immune
response triggered by the T cell receptor, leading to inability to eliminate MM cells. Similarly, in
NK cells from MM patients, the PD-1 expression is upregulated while NKG2D (activating receptor
of NK cells) expression is reduced (105). Tumor-associated macrophages are recruited to MM
cells by chemoattractants like CCL2 as a source of pro-MM cytokines (IL6, TNFa, IL10, IL1B)

and growth factors (VEGF-A) (89).

1.2.8.4. Extracellular matrix proteins

A comparative study revealed that the expression profile of ECM proteins in fibroblast-like cells
isolated from MM patients is substantially different from that from MGUS or healthy individuals,
and this difference favors the progression of MM (106). ECM proteins can mediate drug resistance
of MM cells (107). For example, it was found that MM cell lines cultured in a plate coated with

fibronectin exhibited significantly higher ICso to mitoxantrone and doxorubicin compared to those
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cultured in suspension (108). Similarly, in another study, it was found that combined treatment of
soluble fibronectin and hyaluronan on MM cell lines significantly reduced dexamethasone-

mediated apoptosis compared to MM cells with no or single treatment (109).

1.3. Signal transduction and activator of transcription (STAT3)

1.3.1 Discovery and characterization of STAT3

The discovery of Signal transducer and activator of transcription (STAT) family proteins was first
published in 1992 (110). 3 proteins (91 kDa, 84 kDa and 113kDa) were purified out along with
ISGF-3 (now known as interferon regulatory factor 9, IRF9) by affinity chromatography (111).
These proteins are characterized to have transactivation ability and are able to be activated after
stimulation of interferon-a (INFa) (112). The 91kDa and 84 kDa proteins were the first two STAT
family members discovered due to different post-transcriptional mRNA splicing, hence named as
STATla and STATIp, respectively. The 113kDa protein was named as STAT2. Two more
members, STAT3 and STAT4 were reported in 1994 by the same group (113). It was found that
interleukin-6 (IL6) and epidermal growth factor (EGF), induced tyrosine phosphorylation,
dimerization and DNA-binding ability of STAT3 (49,114). INFa, a stimulator of STAT1 and
STAT2, is found to reduce STAT3 dimerization and DNA-binding ability and induce apoptosis
(115). More STAT family members, STAT5a, STATS5b and STAT6 were later discovered. Among

STAT family, STAT3 and STATS are thought to be related to tumor progression (116,117).

1.3.2 Structure of STAT3
Human STAT3 gene is located on chromosome 17q. The predominant isoform of human STATS3,

STAT3a, contains 770 amino acids (118) and has a molecular weight of 92kDa (113). STAT3
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protein contains several major domains from N- to C-terminus: a N-terminal domain, a coiled-coil
domain, a DNA-binding domain, a SH2 domain and a transactivation domain (only in STAT3a).
The N terminal domain is essential for STAT3 tetramerization (2 dimerized STAT3 forming a
complete DNA-binding complex) and nuclear translocation (119). The coiled-coil domain can be
recognized by importin-a3, a carrier protein that transports STAT3 into the nucleus (120). The
DNA-binding domain recognizes and binds to STAT3 target gene promoter (i.e. y-activated
sequence, GAS). The SH2 domain contains tyrosine residues that can be phosphorylated by
receptor or non-receptor kinases. It is also responsible for the dimerization process. Finally, the
transactivation domain exerts transcription factor activity. The transactivation domain in another
alternatively spliced isoform STAT3p is absent and replaced with 7 acidic amino acid residues,
which leads to a longer retention time in the nucleus compared to STAT3a (Figure 1.4) (121). A
study compared the functions of STAT3a and STAT3p in cells showed that STAT3 is activated
independently of the stimulation of cytokines and growth factors (122). Moreover, the same study
indicated that the activity of both isoforms is dependent on Y705 phosphorylation. STAT3f was
found to have a longer half-life in the nucleus and a stronger DNA-binding ability. On the other
hand, STAT3a was found to have a better transcriptional activity compared to STAT3. It is
probably due to the highly acidic C-terminus sequence of STAT3a that disturb the DNA binding.
Additionally, STAT3p is able to form a heterodimer with STAT3a to prevent STAT3a
homodimerization, leading to downregulation of the transcriptional activity of STAT3a (123). A
group studied the biological effect of STAT3P by genetically deleting the splicing site of STAT3
exon 23, leading to increased expression of only STAT3B (124). This increased STAT3f
expression resulted in reduced tumor growth in vivo. Phosphorylation of S727 contributes to better

transcriptional activity of STAT3a. The surrounding motif LPMSP is where the transcription co-
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activator, CBP/p300 is recruited to. The presence of LPMSM is required for responding to IL-6

and OSM signaling (125).
STAT3a N-terminus | ND —  €CD — DNABD — SH2 —  TAD C-terminus
/ / / Y705: §727:
STAT3 STAT3 nuclear STAT3-DNA STAT3 phosphorylation STAT3 transcriptional
tetramerization  translocation binding and dimerization  activity, mitochondrial
\ \ \ / translocation
STAT3B N-terminus ND — ccD — DNABD — SH2 —: C-terminus

7 acidic residues
Figure 1.4. Structure of the two alternative splicing variants of STAT3. Both STAT3a and
STAT3p contain N-terminal domain (ND), Coiled-coil domain (CCD), DNA-binding domain
(DNABD) and Src homology 2 domain (SH2). STAT3a contains a C-terminal transactivation
domain (TAD) which is replaced by 7 acidic amino acid residues in STAT3p.

1.3.3 STAT3 oncogenic signaling pathway

The canonical STAT3 activation pathway is triggered after stimulation of cytokines (e.g. IL-6) or
growth factors (e.g. EGF) which bind to a receptor on cell membrane, leading to recruitment of
intracellular protein kinases such as JAK and Src to phosphorylate STAT3 at the tyrosine residue
Y705 (pSTAT3) within the Src homology 2 domain (SH2) (126—128). pSTAT3 forms homodimers
and migrates into the nucleus to facilitate target gene transcription. In some cases, constitutively
active protein tyrosine kinases are able to phosphorylate STAT3 independent of cytokine and
growth factor stimulation. For example, in anaplastic lymphoma kinase-positive anaplastic large-
cell lymphoma (ALK+ALCL), the constitutively active NPM-ALK resulted from t(2;5)

translocation led to constantly phosphorylated and active STAT3 (129). Another common
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phosphorylation site of STAT3 is a serine residue within the transactivation domain (S727) which
is required to activate the transcription of STAT3 downstream target genes (130). It was reported
that a different kinase, PKC-€, catalyzed the S727 phosphorylation of STAT3 (131). STAT3 has
been recognized as an oncoprotein that regulates the transcription of proteins related to survival
(e.g. survivin, Bcl-2, Bel-xL), proliferation (e.g. CCND), immune system suppression (e.g. TGFp),
metastasis (e.g. MMP), angiogenesis (e.g. VEGF-A) and drug resistance (e.g. c-Myc) (132,133).
The STAT3 activation is tightly regulated in normal cells. The most common mechanism of
STAT3 inhibition is by the intracellular protein tyrosine phosphatases (PTP) which bind and
dephosphorylate STAT3 such as SHP-1, SHP-2, PIAS3 and SOCS3 (134). These PTPs have a

SH2 domain which binds to STAT3 and a phosphatase domain.

STAT3 expression and activity are critical for early embryo development. Mice with STAT3"
knockout are lethal to mouse embryos within 7 days (135). Several tools have been developed to
study the biochemical and biological effects of STAT3. STAT3C is a biochemically engineered
mutant of STAT3 carrying two residue changes, A661C and N663C (136). This mutant is found
to increase STAT3 phosphorylation, STAT3 DNA binding activity, cell colony transformation,
cell polarization, adhesion and migration in a human prostate cancer cell line (137). On the other
hand, a dominant-negative construct of STAT3 with a Y705F mutation showed deficiency in DNA

binding ability and phosphorylation by JAK (138).

It was recently discovered that STAT3 can exert its oncogenic effect by several non-canonical
signaling pathways (139). First, unphosphorylated STAT3 was found to be able to enter into

nucleus via interaction with importin-3 at the coiled-coil domain (120). It was shown that
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unphosphorylated STAT3 can bind to GAS on DNA and trigger transcription as phosphorylated
STATS3. Moreover, unphosphorylated STAT3 was found to incorporate with NF-xB and regulate
the expression of NF-«B target genes (140). Second, STAT3 can translocate to mitochondria and
shift the mode of cellular respiration from oxidative phosphorylation to aerobic glycolysis (aka.
Warburg Effect), hence enhance cell survival and tumorigenesis (141). It was also reported that
activated PKCe by EGF or TPA mediated mitochondrial translocation of monomeric pSTAT3
(S727) from the cytoplasm to mitochondria in mouse keratinocytes (142). Additionally, it was
found that mitochondrial STAT3 regulate mitochondria-encoded genes. In a STAT3-knockout
mouse model by Cre-lox recombination, a significant increase in mitochondrial genes such as
cytochrome b, NADH dehydrogenase 5 and NADH dehydrogenase 6, all of which were related to
cell senescence (143). In one study, an electron transport chain complex I subunit GRIM-19 was
found to directly interact with STAT3, and this process was determined to be Ser 727
phosphorylation-dependent (144). Association of STAT3 on electron transport chain was found to
reduce the release level of reactive oxygen species and suppress mitochondrial apoptosis (145).
Additionally, mitochondrial pSTAT3 (S727) can directly bind to cyclophilin D, a protein
responsible for the opening of mitochondrial permeability transition pore, to prevent the release of
cytochrome ¢ during intrinsic apoptosis (146). Third, STAT3 can regulate gene expression by
chromatin remodeling. For example, it was found that SHP1 was hypermethylated by STAT3-
DNA methyltransferase I (DNMT1) complex in T cell lymphoma cells (147). RNA interference

of STAT3 or DNMT]1 resulted in elevated SHP1 expression.

1.3.4 STAT3 in MM
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STAT3 plays an essential role in MM tumorigenesis. Knockdown of STAT3 expression level in
RPMI8226 cells by siRNA resulted in loss of malignant phenotypes including increased doubling
time, increased G1 phase accumulation, reduced colony formation and increased apoptosis (148).
STAT3 was found to be active in more than 50% of MM patients by four groups with different
approaches. Bharti et al. found that purified CD138" cells from 14 of 22 (~63%) MM patients
exhibited strong nuclear localization of STAT3 by immunofluorescence staining (5). Two other
studies investigated STAT3 activity in PMM cells via detection of STAT3 phosphorylation states.
One of them reported that more than 10% cells from 23 of 48 (~48%) MM patients showed
pSTAT3 (Y705) nuclear staining (149). Another reported that 8 of 16 (50%) MM patient biopsies
showed more than 66% cells with nuclear staining of pSTAT3 (S727) by immunohistochemistry
(150). Since the whole BMMC population was examined in these two studies, it is expected that
the actual proportion of pSTAT3-positive MM cells would be higher. Quantitative analysis of
CD38"" cells from 65 MM patients showed that the pSTAT3 (Y705) level was 3 times higher than
healthy individuals (151). Clinically, it was found that MM patients with more than 30% CD138"
cells with pSTAT3 (Y705) nuclear staining resulted in poorer progression-free survival and overall
survival, with a hazard ratio of 3.3 and 3.7, respectively (152). Anti-STAT3 agents such as LLL12,
SC09 and YMI155 have shown ability to suppress the growth of STAT3-active MM tumor in
animals (153-155). STAT3 activity is tightly associated with bortezomib, lenalidomide and
dexamethasone resistance in MM cells. Zhang et al. discovered that the EGF/EGFR/JAK1/STAT3
signaling axis induced transcription of immunoproteasome subunit genes LMP2 and LMP?7, which
counteract the anti-MM effect of bortezomib (156). Another group found that a dexamethasone-
resistant 7TD1 cells showed a higher level of pJAK and pSTAT3 levels compared to

dexamethasone-sensitive 7TD1 cells (157). It was reported that IL6-induced STAT3 activation
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upregulated the expression level of heme oxygenase-1, which activated MAPK and resulted in
lenalidomide resistance in MM cell lines and CD138" PMM cells (158).

The most common upstream activator of STAT3 in MM is IL6. It was found that treatment of MM
cells with monoclonal IL6 antibody resulted in ablated STAT3 DNA binding ability and reduced
expression of anti-apoptotic proteins such as Bcl-xL and Bcl-2 (159). Protein kinases that
phosphorylate STAT3 including JAK1 and JAK?2 are overexpressed in 27% and 57% in MM
patients, respectively (160). Additionally, phosphatases such as SHP1, SHP2 and SOCS1 which
inhibits STAT3 activity by dephosphorylation are found to be downregulated in MM cells

(161,162).

The IL6/JAK/STAT3 signaling axis is always activated in MM. Some studies reported intracellular
proteins which facilitate IL6/JAK/STATS3 signaling in MM cells. For example, A transmembrane
phosphatase CD45 was found to associate with a Src family kinase Lyn, which in turn
phosphorylates STAT3 (163). 90 kDa heat shock protein (Hsp90) also contributes to elevated
STAT3 activity, but the mechanism remains unclear. Treatment of Hsp90 inhibitors resulted in a
reduced level of both STAT3 and pSTAT3 (Y705), and addition of IL6 did not rescue this
phenomenon (164). Interestingly, it was found that only CD45" MM cells are sensitive to Hsp90
inhibitors, which are found to be STAT3 active (165). RNA interference of GRK®6, a kinase found
to directly associate with Hsp90, resulted in dephosphorylation of STAT3 (166). A 14-3-3 family
member, 14-3-3C was found necessary for phosphorylation of STAT3 at S727 in U266 cells, and
inhibition of 14-3-3C resulted in ablation of STAT3 DNA-binding and transactivation ability (167).
Interaction with ECM proteins can also induce STAT3 activation in MM cells. For instance, it was

found that MM cells cultured on a fibronectin-coated plate rendered more pronounced IL6-induced
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STATS3 activation compared to conventional culture (108). Another study found an ECM protein
reelin is overexpressed in ~40% MM patients, and it activated STAT3 via FAK/Src/Syk signaling
pathway (168). It was found that integrin B1 is responsible for binding with both fibronectin and

reelin for STAT3 activation in MM cells.

Some proteins downregulate the activity of STAT3 by intervening its phosphorylation or DNA-
binding ability in MM cells. For example, an extracellular chemokine, PF4 was a tumor suppressor
which ablate STAT3 signaling by upregulating SOCS3 once bound to its receptor LRP1 (169).
Upon binding of lipophilic ligands (from metabolism or nutrients), a nuclear receptor PPARYy
translocates into the nucleus to the DNA-binding domain of STAT3 (170). Similarly, estrogen
reporter upregulates the expression level of PIAS3, which in turn blocks STAT3-DNA interaction
(171). A membrane-bound protein TJP1 was found to suppress the signaling of EGFR which
activates JAK/STAT3 in MM cells (156). Overexpression of TJP1 resulted in a decreased level

of pPSTAT3 (Y705) and decreased STAT3-induced bortezomib resistance.

1.3.5 STAT3 SH2 domain inhibitors

Due to the oncogenic roles of STAT3 in various tumor types, inhibitors targeting upstream kinases,
SH2 domain or DNA-binding ability of STAT3 have been developed. STAT3 SH2 domain
inhibitors are the most commonly used and studied in the laboratory due to their direct binding to
cytoplasmic STAT3. In 2001, Turkson et al. developed the first STAT3 inhibitor using the peptide
sequence of Y705 phosphorylation site (P*YLKTK, * means phosphorylation) located within the
SH2 domain of STAT3 (172). P*YLKTK substantially disrupts STATI1, STAT3 and STATS

dimerization at 1 mM in transformed NIH3T3 cells with v-Src overexpression. Synthetic
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peptidomimetic compounds were later developed to improve the high dose range and low stability
and membrane penetrating ability of P*YLKTK. ISS-610 is structurally resembled P*YL, the three
essential amino acids for SH2 domain binding except the P residue is replaced with a
cyanobenzoate group (173). It was shown that ISS-610 preferentially bind to STAT3-STAT3
dimer compared to STAT3-STATI1, STAT1-STAT1 or STATS-STATS dimer. However, high
dosage of ISS-610 (~1 mM) is still required to substantially inhibit STAT3 dimerization. By
screening the compound library, small molecule STAT3 inhibitors such as STA-21 and Stattic
were developed with their high binding score inside the STAT3 Y705 phosphorylation site and
improved ICso against STAT3-active breast cancer cells (174,175). With the advanced technology
in computational modeling, scientists were able to synthesize novel compounds that did not exist
in any compound library such as S3I-M2001, S31-201, S31-201.1066 and S3I-1757 that
specifically binds to STAT3 active sites (176—179). An orally bioavailable STAT3 inhibitor, BP-
1-102 and OPB-31121 were synthesized for more convenient drug administration (180,181).
Comparison between these STAT3 inhibitors are summarized in Table 1.1. Although these
STATS3 inhibitors pose high specificity and efficacy in laboratory settings, very few of them have
entered clinical trials, largely due to low response rate and adverse side effects. For example, a
Phase I clinical trial of OPB-31121 on 18 patients with various solid cancers showed no complete
response or partial response at all (182). Moreover, more than 65% of patients showed adverse

side effects such as nausea, vomiting and diarrhea.

1.4 Three-dimensional (3D) cell culture
Given the importance of a variety of exogenous stimuli supporting the development of MM, it is

indispensable to consider the microenvironment factors, which conventional cell culture does not
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Table 1.1. STAT3 SH2 inhibitors tested in cancer cells.

S31-201

MB-231, MDA-MB-
468

Compound Method 1Cso (in vitro STAT Cell lines Reference
cytotoxicity) Specificity
P*YLKTK STAT3 Y705 Not determined Can affect STAT1 | NIH3T3/v-Src (172)
phosphorylation and STATS as
site well
ISS-610 Modification of >1 mM, 48hr Can affect STAT1 | NIH3T3/v-Src (173)
XY*L peptide at X and STATS as
residue well
STA-21 Structure-based >20 uM Does not affect MDA-MB-231, MDA- | (174)
screening using STATI and MB-435, MDA-MB-
STAT3p crystal STATS5 453, MDA-MB-468,
MCF-7
Stattic Screening of 5-10 uM, but need | Does not affect MDA-MB-231, MDA- | (175)
chemical libraries | 50-60 uM to bind | STATI and MB-435
consisting of a to SH2 peptide STATS
diverse collection
of 17,298
substances
S31-M2001 Computational 50-100 uM Dose not affect NIH3T3/v-Src, MDA- (176)
modeling STATI but MB-231, Panc-1
disrupts STAT1-
STAT?3
dimerization
S31-201 Computational 30-100 uM Can slightly affect | NIH3T3/v-Src, MDA- (177)
modeling STATS, can kill MB-435
STAT3-inactive
cells
S31-201.1066 Modification from | 35-48 uM Can affect STAT1 | NIH3T3/v-Src, MDA- (178)
S31-201 MB-231, Panc-1
BP-1-102 Modification form | <20 uM Does not affect NIH3T3/v-Src, MDA- | (180)
S31-201.1066, STAT1 and MB-231, Panc-1,
orally bioavailable STATS DU145, A549
dimerization
OPB-31121 Computational 5-10 nM Can affect STAT1 | SNU 484, SNU 668 (181)
modeling and STATS
S31-1757 Modification from | 50-100uM Not determined H358, A549, MDA- (179)
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account for. There have been many animal models which better represent the behavior of disease
in human body. However, a most cost-effective and time-saving model is required for large-scale
gene expression analysis and therapeutic screening. Three-dimensional (3D) cell culture models
have been postulated as a cost-effective but realistic approach to study tumor biology. In this
section, the general classifications and advantages of 3D culture models, as well as their

development specifically for studying MM, will be discussed.

1.4.1. Classification of 3D culture models

3D culture tumor models can be classified in three major forms: tumor explants, tumor-on-a-chip
and tumor spheroid (183). Tumor explants refer as growing a freshly extracted tumor on a culture
plate pre-coated with collagen and supplied with growth medium. Therapeutics can be injected
intratumorally for efficacy assessment. This method recapitulates the architecture of a real tumor
with the presence of tumor morphology, metastasis and vasculature. However, the experimental
results from this method are hardly reproducible because of the heterogeneity nature of tumors.
One study utilized breast cancer explants from three patients to test the therapeutic efficacy of
caffeic acid, ursolic acid, and rosmarinic acid and found very different response patterns in the
three explants (184). Tumor-on-a-chip is a method where crude tumor cells were cultured in a
microplate with constant supplement of growth medium. For example, a tumor-on-chip model was
designed to study the invasion of liver carcinoma cells into the stromal cells, which induced
stromal cell apoptosis and increased level reactive oxidative species (185). Similar to tumor
explants, the experimental data generated from tumor-on-chip technique has low reproducibility.
The tumor spheroid 3D culture is the most widely employed method for cancer research. It uses

single tumor cells to form a spheroid by suspending them to grow all directions. Tumor spheroid
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3D culture can be classified into two groups: scaffold or scaffold-free (Figure 1.5). Scaffold 3D
culture models have materials which form niches in which tumor cells can grow within (i.e.
Matrigel, hydrogel, polymer etc). Tumor cells in the scaffold-free model are maintained in
suspension by mechanical or magnetic forces (e.g. hanging drop, nanoplates, magnetic levitation
etc.). The descriptions, advantages and disadvantages of all tumor spheroid 3D culture models are

depicted in Table 1.2.

Scaffold Scaffold-free

Magnetic levitation

Hanging drop
Ultra-low attachment plate

——
LRy

Biological materials  Synthetic materials

Matrigel® Hydrogel
Collagen Polymers
Fibrinc%gen . Rotary bioreactor

. L Medium
Microfluidic chamber

Cells > . '

Medium _L )—»—»—t—»—»—»—»—»—u(
flow
L)

Cells 4> ‘ ~

Figure 1.5. Scheme of different tumor spheroid 3D culture models. Tumor spheroid 3D culture
models can be categorized based on the presence of scaffold or not. In scaffold 3D culture, cells
are directly contacting with supportive materials which can be biological (e.g. collagen or
fibrinogen) or synthetic (e.g. hydrogel or polymers). In scaffold-free 3D culture, cells are
maintained suspended by mechanical forces for spheriod formations. Common examples are
hanging drops, ultra-low attachment plates, magnetic levitation, microfluidic chambers and rotary

bioreactors.
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Table 1.2. Tumor spheroid 3D culture models.

Methods Description Advantages Disadvantages
Scaffold Biological Solidified More biologically Cell recovery from
materials biological relevant matrix is needed
(Matrigel, materials used to Materials are Variability between
collagen, create niches for commercially available | different batches of
fibrinogen tumor cells to grow materials
etc.) within
Synthetic Biocompatible Capability to customize | Cell recovery from
materials polymers used to High stability and matrix is needed.
(Hydrogel, | create niches for reproducibility Complicated polymer
PLGA) tumor cells to grow synthesis process
within Immune response
Scaffold- Hanging A droplet of Easy preparation, no Small spheroid size in
free drop growth medium matrix is involved. culture.
with tumor cells is | Small cell number is Not suitable for long-
suspended in a needed term culture
specialized plate Easy to harvest Specialized plates are
by surface tension | spheroid needed
Ultra-low Culture plates Easy preparation, no Specialized plates are
attachment | coated with inert matrix is involved needed
plate material which Small cell number is Small spheroid size in
prevents needed culture
attachment of cells | Easy to harvest Expensive plates
to form a spheroid
monolayer
Magnetic Tumor cells are Easy to harvest Laborious preparation
levitation introduced with spheroids procedure
magnetic Nanoparticle may
nanoparticles and interfere with some
suspended in a biological processes
magnetic field
Rotary Suspending tumor | Great spheroid size and | Expensive equipment.
bioreactor cells by rotation to | numbers Require constant supply
create microgravity of growth medium
Microfluidic | Flowing of growth | Good metastasis model | Great loss of cells
chamber medium and tumor Require constant supply
cells into a fine- of growth medium
patterned plate
which occasionally
keeps tumor cells
to form a spheroid

1.4.2. Advantages of 3D culture in cancer research
3D culture provides a bridging role which connects the realistic perspective of in vivo tumor and

feasibility to manipulate in vitro. The major advantage of 3D culture compared to conventional
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culture is its higher similarity to in vivo growing conditions of a tumor. For instance, in a study,
human oral cancer cells cultured in a 3D model showed indifferent growth rate and hypoxia at the
core of tumor as compared to its corresponding xenograft in vivo (186). The efficacy of anti-cancer
therapeutics was better reflected by 3D models than by conventional culture. It was found in three
patient-derived glioblastoma cell lines that cells grown in a novel 3D culture model responded to
both conventional and molecular therapeutics correspondingly to the patient clinical data (187). A
transcriptomic comparison study found that both 3D cultured (ultra-low attachment plate) cells
and xenografts, but not monolayer cultured cells, showed upregulation of genes related to hypoxia,
TGF and Wnt signaling pathways and epithelial-mesenchymal transition in two non-small cell
lung carcinoma cell lines (188). A proteomic and phosphoproteomic study revealed that colon
cancer cells (HT29) cultured in 3D exhibited downregulation on cell growth pathway proteins
compared to those in conventional culture (189). Consistent with this finding, another study found
that the activity of Akt/mTOR/S6K gradually decreased from the surface to the core of a spheroid
in 3D culture (190). Active S6K was found to inhibit the MAPK/ERK signaling pathway, hence
preventing cell growth inside the spheroid. Importantly, a similar phenomenon was observed in

the xenograft tumors but not in the monolayer culture.

3D culture often retains the ability of cancer cell to grow into a spheroid structure which consists
of a quiescent core and a proliferative outer layer. Compared to the 2D monolayer, tumor cells in
3D spheroids show very different drug distribution and penetration patterns. In one study, it was
found in 2 head and neck carcinoma cell lines that 4 different anti-cancer compounds are evenly
distributed in 2D monolayer culture, but in 3D spheroid culture using an ultra-low attachment plate,

the drug is mainly accumulated at the outer layer of spheroids (191). This finding suggested a
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possible drug resistance mechanism of 3D cultured cells. Another study reported that culturing
A549 and UTSCCIS5 cells in a Matrigel-based 3D culture resulted in spheroid formation and
increased resistance to irradiation and cisplatin compared to conventional culture (192). In the
same study, the genomic profile revealed that genes related to extracellular communication, cell
adhesion and immune response were mostly altered between conventional and 3D culture.
Another study reported that breast and glioblastoma cells cultured in a microfluidic 3D model
exhibited a substantially higher reactive oxygen species level compared to those in conventional
culture after 5 days (193). In addition, it was found that these 3D cultured cells became more
cisplatin resistant compared to conventionally cultured cells on day 5, suggesting that reactive
oxygen species may involve in the drug resistance mechanism in 3D cultured cancer cells. It was
shown that three breast cancer cell lines cultured two 3D culture models, Matrigel and microfluidic
chip exhibited a higher resistance to two anti-cancer agents, carnosic acid and doxorubicin (194).
However, other studies suggested the responsiveness to chemotherapeutics in 3D cultured breast
cancer cell lines was cell line-dependent and drug-specific (195,196). For instance, 3D cultured
MDA-MB-231 and MCF-7 cells were shown to be more resistant to epirubicin than in
conventional culture, but an opposite effect was seen in BT-474 cells(195). Another study showed
that BT-474 and BT-549 cells but not MCF-7 cells were more resistant to paclitaxel in 3D spheroid
culture compared to 2D monolayer culture (197). Studies have demonstrated that cells grown
within 3D culture possess different gene expression profiles and phenotypes compared to the same
cells grown in conventional culture. For example, in a study using a melanoma cell line, it was
found that cells showed a slower proliferation rate and higher expression levels of chemokines and
proangiogenic factors as a 3D multicellular tumor spheroid compared to those in monolayer culture

(198). In another study, it was found that patient-derived glioblastoma cells in a spheroid-forming
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3D culture model maintain similar genomic profile to the parental tumor as compared to those in

conventional monolayer culture (199).

3D culture allows studies on the process of tumorigenesis of malignant cells in vitro compared to
normal cells which cannot be achieved by conventional cells. Using a Matrigel-based 3D culture
model, Peterson ef a/ found that the breast cancer cell lines showed a higher cell proliferation rate
compared to normal endothelial cell lines (200). Moreover, they found that malignant cells formed
disorganized colonies, normal cells formed hollow and spherical acini (200). Interestingly, in
another study, it was found that inhibition of B1 integrin by a monoclonal antibody resulted in
reversion of malignant cell morphology to normal acini, suggesting the importance of B1 integrin
in breast cancer oncogenesis (201). All in all, it is believed that 3D culture models are more

representative of a tumor for oncogenesis studies and assessment of therapeutic efficacy.

1.4.3. 3D culture for studying MM

Based on the literature search, over 2000 studies have been published about 3D culture in various
solid cancers, yet those for MM are very limited. Given the difficulty of maintaining cell viability
in conventional culture (202), some 3D culture models have been postulated to prolong the survival
of PMM cells in vitro. A Matrigel-based model was postulated by Kirshner et al., within which
primary bone marrow cells are able to proliferate for up to 30 days (203,204). The model consists
of two parts, a reconstructed endosteum consisting of fibronectin and collagen and a reconstructed
bone marrow matrix containing Matrigel, fibronectin and collagen (Figure 1.6). With this model,
it was found that the stromal cells supporting the growth of MM cells are well preserved.

Moreover, it was found that treatment of bortezomib led to cell death in the CD138°CD56" MM
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cell population while the other cellular components remained unaffected, suggesting a precise
representation of drug response as in vivo. This 3D model has also been used to assess the in vitro
efficacy of novel therapeutics in MM cell lines (205,206). An animal-implanted polymeric 3D
culture model (SCID-synth-hu) was proposed for expansion of PMM cells in vivo (207).
Specifically, the polymeric scaffold was first inoculated with mouse BMSCs, and the scaffold was
then implanted into the femur of SCID mice. Purified CD138" MM cells were injected into the
mice for the development of MM. With 10 patient samples tested, all mice showed a time-

dependent elevation of serum M protein concentration for up to 80 days, suggesting the growing

Bone Compact
marrow bone 48-well plate

Reconstructed bone
marrow matrix

(rBM)

Endosteum Reconstructed Endosteum (rEnd)

Femur
Figure 1.6. 3D culture model developed by Kirshner et al. The 3D culture system consists of a

reconstructed endosteum (rEnd, brown) and a reconstructed bone marrow matrix (rBM, red),
which recapitulates the real bone marrow cavity. For culture setup, a culture well plate is first
coated with reconstructed endosteum solution. Reconstructed bone marrow matrix with MM cell
lines or primary bone marrow mononuclear cells is applied to the coated well. After solidification

of reconstructed bone marrow matrix, fresh growth medium will be applied on top of'it.
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of MM tumor in vivo. The drawback of this approach is the long tumor development time for
follow up studies, which is approximately one month. A microfluidic 3D culture providing
consistent supplement of fresh growth medium to primary BMMC cells was reported to enrich the
percentage of MM cells (marked by CD138" and CD38'CD56") to ~70% within 7 days (208).
However, the dynamic flow led to rapid loss of total BMMC:s, resulting in only ~1-2% viable cells
left after 7 days. A bioreactor for culturing MM tumor explants was shown to reflect the clinical
responsiveness to bortezomib (209). Specifically, it was found that after bortezomib treatment, the
change in f2M level of the supernatant solution from the bioreactor is similar to that of the serum
from the corresponding patients. The above 3D culture models possess different features of in vivo
growing conditions, but their superiority compared to conventional culture has not been
investigated. In 2015, a tissue-engineered bone marrow 3D culture model was reported to increase
the proliferation rate of PMM cells up to 3 times within 10 days, as opposed to a decreased
proliferation rate in conventional culture (210). However, PMM cells from patient biopsies showed
a relatively steady cell proliferation rate in vivo (15). All in all, a 3D culture model which can
preserve PMM cells without losing their biological behavior is required for long-term biological
studies and therapeutic assessment. In addition, the biological and biochemical effects on MM

cells cultured in 3D remains poorly understood.

1.5. Nanoparticle drug delivery systems
1.5.1. Enhanced permeability and retention effect
Nanoparticulated anti-cancer drug was first shown to increase drug utility in vivo, compared to

the free form (211,212). Specifically, an anti-cancer protein neocarzinostatin was chemically
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conjugated to polystyrene/polymaleic acid copolymers at alanine and lysine residues.
Nanoparticular neocarzinostatin showed a 10-fold increase life-span in blood with 25% of toxicity
compared to neocarzinostatin. Moreover, it doubled the lifespan of animals bearing an ascitic
tumor compared to neocarzinostatin. The mechanism of how nanoparticular compounds improved
therapeutic efficacy was further studied by the same group in 1986 (213). Specifically, proteins
with different molecular weights were injected into tumor-bearing mice to monitor their clearance
rate over time. It was found that large proteins (molecular weight greater than 69 kDa) were 10-
fold more retained in the bloodstream compared to small proteins 60 minutes after injection.
Moreover, higher concentrations of large proteins were detected at the tumor site compared to
small proteins after 72 hours. These phenomena, referred as enhanced permeability and retention
(EPR) effect, was thought to be due to that large proteins cannot leak out from normal capillary
vessels (pore size ~6-12 nm) but from sparse vasculature (pore size <200 nm) of a tumor (Figure

1.7). This passively induces accumulation of large proteins at the tumor sites.
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Drug retention

Drug accumulation

Permeable size for normal blood vessels: 6-12 nm

Permeable size for tumor blood vessels: <200 nm
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Figure 1.7. EPR effect on encapsulated drug delivery to a tumor. Most free drug (left panel) is
small enough to leak out from the normal blood vessels with a permeable size of 6-12 nm. This
leakage will cause less drug accumulation to tumor cells and cause damage to normal tissues.
Encapsulation of drug in nanoparticles substantially increased the size, making them less

permeable to normal blood vessels. As a result, more nanoparticles are able to reach the tumor.

1.5.2 Classification of nanoparticle delivery systems

To achieve EPR effect, many types of nanoparticles have been developed for encapsulation of
anti-cancer therapeutics which can be classified as liposomes, polymeric micelles or nanoparticles,
dendrimers and inorganic nanoparticles (Figure 1.8) (214). Liposomes are formed by a spherical

lipid bilayer with an aquatic core at the center. Due to their similarity to the plasma membrane,

Polymeric nanoparticle

Micelle Dendrimer

Inorganic nanoparticles
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Figure 1.8. Major categories of nanoparticle drug delivery system. Liposomes are composed
of a spherical lipid bilayer, creating a hydrophilic core. Micelles are assembly of free lipid acids
to create a hydrophobic core. Similarly, polymeric nanoparticles consist of synthetic amphiphilic
monomers which assemble into a spherical structure with a hydrophobic core. Dendrimers contain
branchy molecules where drug can be carried within the branch network. Inorganic nanoparticles
(e.g. gold, mesoporous silica, quantum dots, etc.) are made of inorganic materials and are able to

carry drug by surface conjugation.

1.5.3. Antibody-conjugated nanoparticles

While drug-carrying nanoparticles are passively directed to the tumor site, more active targeting
to tumor cells intratumorally is required for deeper drug response and lower toxicity to adjacent
normal cells. Antibody-conjugated nanoparticles (ACNs) are proposed as a solution for active
binding of nanoparticles to tumor cells overexpressing a surface antigen recognized by the
conjugated antibody. The common methods used to conjugate antibodies on nanoparticles are 1)
adsorption, 2) covalent linkage or 3) adaptor molecules. Adsorption relies on the ionic electrostatic
interactions between the nanoparticles and the charged amino acid residues in the antibody. In one
study, a %I radioactive antibody against osteogenic sarcoma cells was incubated with polymeric
nanoparticles overnight (215). It was found that 36% of input antibody bound to the nanoparticles
after adsorption by gel infiltration. The major drawbacks of adsorption include weak attachment
and uncontrolled orientation of antibody attachment. Covalent attachment of antibodies can be
achieved if a carboxyl, amine or carbonyl group is present on the nanoparticles with the aid of
compounds such as EDC, NHS and maleimide (216,217). Alternatively, adapter molecules such
as streptavidin and biotin can be used to modify nanoparticles and antibodies to facilitate their

interaction (218).
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The most common targeted antigen by ACNs is Human epidermal growth factor receptor 2
(HER2/EGFR), which is overexpressed in multiple solid cancers (219). Different nanoparticles
conjugated with either commercial or purified HER-2/EGFR antibodies were used to encapsulate
conventional chemotherapeutics such as paclitaxel, doxorubicin, tamoxifen and gemcitabine (220—
227). These HER2 ACNs showed a significantly increased cell uptake in HER2-positive cells,
which further led to significantly more cytotoxicity in HER2-positive cells and regression of
HER2-positive tumors. For example, chitosan nanoparticle conjugated with a commercial HER2
antibody (Herceptin®) resulted in 5 times more cell uptake by HER2-positive SK-BR-3 cells
compared to HER-2 negative MCF-7 cells after 24 hours (226). This led to significantly increased
HER2-positive cell death from 70% to 90% in vitro and regression of HER-2 positive tumor
volume by 50% in vivo compared to non-conjugated nanoparticles. Antibodies against other cancer
cell-specific antigens such as p-glycoprotein, TRAIL receptor, Hsp70, mesothelin annexin A2,
disialogangioside and VEGFR have also been reported for active nanoparticle delivery (228-235).
Relatively few studies tested the efficacy of ACNs in a hematological cancer model. Our group
reported that anti-CD30 conjugation on Doxil® (commercial doxorubicin-carrying liposomes)
significantly increased the cell uptake from 5.3% to 27.0% in an anaplastic large-cell lymphoma
cell line, SupM2, within 30 minutes (236). Moreover, conjugated Doxil® significantly reduced the
ICso of doxorubicin in SupM2 cells from ~30 to ~10 pg/ml. Conjugated Doxil® also resulted in a
significantly smaller anaplastic large-cell lymphoma tumor volume (~100 mm?) compared to non-

conjugated Doxil® (~250 mm?) 9 days after drug administration.

1.5.4. Nanoparticle delivery systems for MM
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To improve the efficacy and biocompatibility of common anti-MM therapeutics, several
nanoparticular formulations have been proposed. One group reported that bortezomib-loaded
liposomes led to similar tumor inhibition effect with less loss of body weight (<10%) compared to
free bortezomib (20%) on day 7 in vivo, suggesting their overall lower systematic toxicity (237).
Another study used bortezomib-carrying chitosan nanoparticles to enhance ~40% more
cytotoxicity to MM cells and ~50% more tumor suppression ability against MM tumor compared
to bortezomib (238). In this study, the authors also conjugated CD38 antibody on the surface of
the chitosan nanoparticles. Conjugated nanoparticles showed 2 to 3-fold more cell uptake by MM
cells in vitro and 50% reduction of MM tumor progression compared to plain nanoparticles irn vivo.
A water-soluble chitosan-melphalan polymer formulation was proposed for specific drug delivery
to MM cells to improve the water solubility and tumor specificity of melphalan (239). Specifically,
it was found that melphalan was cleaved off from chitosan by cathepsin X, a cysteine protease
which is highly expressed in many cancers. Encapsulation of carfilzomib in polymeric micelles
resulted in comparable cytotoxicity compared to free carfilzomib in RPMI8226 cells (240).
Moreover, another study found that co-encapsulation of carfilzomib and doxorubicin in liposomes
resulted in twice more reduction of MM tumor volume compared to the combined free carfilzomib
and free doxorubicin treatment (241). Besides therapeutic compounds, nanoparticles have been
developed for oligonucleotide delivery as a MM therapy. In one study, chitosan/PLGA
nanoparticles encapsulating miR34a was shown to induce 35-50% viability reduction in two MM
cell lines (242). Compared to nanoparticles with scrambled miRNA, miR34a nanoparticles

resulted in 50% reduction in tumor volume in vivo 19 days after treatment.

1.6. Thesis overview
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1.6.1. Rationale

MM remains an incurable disease largely attributed to its high relapse rate. It is known that drug-
resistant MM cells which survive after treatment of anti-MM regimens eventually expand and
develop into relapsed and refractory MM. STAT3 plays an important role in resistance of multiple
anti-MM agents including bortezomib, lenalidomide and dexamethasone (156—158). STAT3 is
reported to be active in more than 50% of MM patients, and the high pSTATS3 level is associated
with poor prognosis of MM patients (5,149,150). However, most MM cell lines grown in
conventional cell culture are STAT3-inactive (243). It is known that STAT3 activation in MM
cells is mostly achieved by exogenous stimulations from both soluble ligands or adhesion to
BMSCs or ECM proteins as discussed in section 1.2.8. Therefore, a cell culture system which
preserves these exogenous stimulations is required to better understand the role of STAT3 in MM
cells. Several 3D culture models for MM which contain some of the components in the bone
marrow microenvironment have been proposed (section 1.4.3.). Compared to other 3D culture
models, which required expensive equipment (bioreactor and microfluidic device), complicated
preparation procedures (3D tissue-engineered bone marrow) or animals (SCID-synth-hu),
Kirshner’s Matrigel®-based 3D culture model is relative cost- and effort-effective. Kirshner’s 3D
culture was shown to support the proliferation of PMM cells for up to 30 days (203). However,
the biochemical and biological effects of this 3D culture model on both MM cell lines and PMM

cells compared to conventional culture has not been investigated.

Although it has been shown that STAT3 inhibitors exhibited excellent anti-MM activity in pre-
clinical studies, very few of them entered into clinical trials and none of them has been approved

as a therapy for MM. This can be due to two reasons: first, most STAT3 inhibitors are hydrophobic
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and cannot be effectively delivered in the blood circulation. Second, the severe adverse side effects
such as nausea, vomiting and diarrhea in the clinical trial. These side effects can be due to the oft-
target toxicity of STAT3 inhibitors in normal cells, which greatly reduce their efficacy against
tumor cells. Lavasanifar Lab has published a nanoparticle formulation as a solution for improved
delivery of a STAT3 inhibitor, S3I-1757 (244). Nanoparticular S31-1757 exhibited improved
survival and tumor size suppression in vivo in melanoma-bearing mice compared to free S31-1757.
Because MM cells reside in the bone marrow environment with various normal hematopoietic
cells and stromal cells, active targeting of nanoparticles specifically against MM cells is needed.
Because CD38 is an antigen which is often overexpressed on the surface of MM cells, conjugation
of anti-CD38 on the surface of nanoparticular S31-1757 is expected to further improve the in vitro

and in vivo efficacy.

1.6.2. Hypothesis

Based on the above rationale, I hypothesize that STAT3 activity in MM cells is more

pronounced in close-to-in vivo tumor microenvironment, hence improvement of STAT3

inhibitor by nanoparticle conjugation and anti-CD38 conjugation is a valid therapy for MM.

1.6.3. Objectives

In Chapter 2, my primary objective is to investigate the biochemical and biological changes of
MM cells in Kirshner’s 3D culture compared to conventional cell culture. Biologically, I will
examine the morphology and growth rate of MM cells in both culture systems. Biochemically, I
will examine the activity of STAT3 and possibly other signaling pathways in 3D versus

conventional culture. The importance of STAT3 activity in 3D and conventional culture will be
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determined by the responsiveness of MM cells to STAT3 inhibition. The effect of STAT3 on drug
resistance in MM cells cultured in both systems will be compared by combined treatment of
STATS3 inhibitor and bortezomib. An oligonucleotide array will be conducted to compare the

expression profile of cancer-related genes in both culture systems.

In Chapter 3, I will further study the impact of 3D culture environment on PMM cells from
patients. Isolated BMMC will be cultured in either 3D or conventional culture. The cell viability
and STAT3 activity of PMM cells will be monitored over time. To understand the effect of STAT3
activity on PMM cells, IL6 will be added to both culture systems to examine any effect on PMM
cell growth. Lastly, STAT3 inhibitor treatment will further confirm of the importance of STAT3

on PMM cell growth in both culture systems.

In Chapter 4, my primary goal is to improve nanoparticular S31-1757 (Null-S3I-NP) by anti-
CD38 conjugation. The physical properties such as size, uniformity, S31-1757 encapsulation
efficiency and S31-1757 release rate of anti-CD38 conjugated nanoparticles (CD38-S31-NP) will
be measured and compared with Null-S3I-NP. The MM cell-targeting ability of CD38-S31-NP will
be measured by cell uptake in MM cells and compared with Null-S3I-NP. Finally, in vitro
cytotoxicity and in vivo tumor suppression ability of CD38-S3I-NP and Null-S3I-NP will be

compared.
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CHAPTER 2

Role of STAT3 in MM cells cultured in a three-dimensional,
reconstructed bone marrow model

A modified version of this chapter has been published as Huang et al.”” Constitutive activation of
STAT3 in myeloma cells cultured in a three-dimensional, reconstructed bone marrow model” in
Cancers 2018,10(6):206.
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2.1. Introduction

Studies of malignant cells using three-dimensional (3D) culture systems are believed to provide
information that is more representative of the ‘real-life’ in vivo conditions, as opposed to those
using cells cultured conventionally in monolayer or cell suspension. In keeping with this concept,
malignant cells cultured in 3D have been shown to display substantial differences in their growth
characteristics, gene expression and drug resistance patterns when compared to cells cultured
conventionally (1-3). Importantly, cells grown in biomimetic 3D systems are phenotypically
similar to tumors formed in vivo. In one study, unlike their counterparts cultured in monolayer,
glioblastoma cells cultured in 3D were found to phenotypically mimic xenografts formed in mice,
with respect to their growth rate, levels of hypoxia and angiogenesis (4). Similarly, in another
study, it was found that the drug resistance profile of glioblastoma cell lines derived from patient-
derived xenografts correlates with the clinical outcome of these patients, and the correlations were
better than that of cells cultured conventionally (5). From my literature search, I have identified a
good number of studies employing various 3D models to study cancer biology, with the majority
of these studies focusing on malignant epithelial cells and neurogenic cells. In comparison, studies
of malignant hematopoietic cells using 3D culture models are relatively scarce, and the impact of

3D culture on these cancer cells is incompletely understood.

Multiple myeloma (MM), characterized by the accumulation of clonal malignant plasma cells in
the three-dimensional bone marrow niches, represents 10% of all hematologic malignancies (6).
Although the recent advances in various therapeutic modalities have improved the 5-year survival
of MM patients to ~50%, MM remains to be an incurable disease (7,8). The tumor

microenvironment within the bone marrow niche is believed to play an essential role in the
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development and progression of MM. For example, it was found that vascular endothelial growth
factor secreted by MM cells can induce the release of IL6 from bone marrow stromal cells, which
in turn promotes the proliferation and survival of MM cells (9). In light of the importance of the
microenvironment, several animal models have been developed to study the biology of MM and
to evaluate various therapeutics designed to treat MM (10—12). Nonetheless, to my knowledge,
studies of MM using 3D models are relatively few (13). For example, Ferrarini et al. employed a
bioreactor system to create the 3D condition, although this bioreactor is relatively expensive and
thus, not widely accessible (14). De la Puente et al. employed cross-linked fibrinogen matrix
supplemented with patient-derived mononuclear cells and supernatants (15). Kirshner et al.
described a 3D model in which Matrigel®, which is commercially available, was found to support
the expansion of PMM cells for up to 30 days (16). This 3D model carries several important
advantages over animal models, as it is relatively inexpensive and devoid of issues related to cross-
species immune incompatibilities. I also believe that Kirshner's 3D model is more accessible to
researchers, as it does not require the purchase of relatively expensive equipment or elaborative
preparation of patient samples. Nonetheless, how exactly this 3D culture model impacts the

biology of MM cells is largely unknown.

To evaluate the impact of the 3D culture on MM cells, I optimized a 3D reconstructed bone marrow
model based on the method previously described by Kirshner et al. (16,17). The modifications to
the system have generated several improvements, such as the fact that my system is highly
amendable to histologic processing, immunocytochemical studies and possibly other morphologic
studies (i.e. studies of cell-cell interactions). Importantly, my results have highlighted the

importance of STAT3, which was found to be active in MM-3D cells but not those cultured
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conventionally. my data supports the concept that STAT3 increases the expression of proteins
which are responsible for enhanced cell survival, proliferation and drug resistance in MM (18-21).
As STATS3 is often active in PMM cells (22), [ believe that studies of MM in the 3D culture systems

can generate results that are more representative of the disease.

2.2. Materials and methods

2.2.1. Cell lines, patient samples and materials

U266 cells were obtained from ATCC, and RPMI8226 cells were obtained from Dr. Linda Pilarski.
Karpas 299 and SupM2 cells were purchased from ATCC. All cell lines were grown in RPMI11640
medium supplied with 10% FBS with 1% streptomycin and penicillin except U266 cells, which
were grown in RPMI1640 medium supplied with 15% FBS. Same growth medium was applied to
cells cultured in 3D culture and in conventional culture. Ficoll-Paque isolated bone marrow
mononuclear cells from two MM patients and reconstituted bortezomib in sterile water (1 mg/ml)
were obtained from Cross Cancer Institute, University of Alberta. Both patients #1 and #2
contained 10-20% monoclonal plasma cells according to their biopsy section. Stattic (Sigma)
powder was dissolved in DMSO into 1 mg/ml solution. All procedures of patient sample handling

were approved by Human Research Ethics Board, University of Alberta (HREBA.CC-16-0346
and HREBA.CC-17-0591). Animal procedures for this study were approved by Animal Care and

Use Committee, University of Alberta (Pro00000282).

2.2.2. 3D culture
The method for 3D culture was adapted from a previous publication (17). In brief, 48-well plates

were pre-coated with 100 pl of reconstructed endosteum (77 pg/ml fibronectin and 29 pg/ml
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collagen I in PBS) before seeding of 3D cultures. U266 or RPM18226 cell pellets were resuspended
first with 20pul PBS. Matrigel® (Corning), 1 mg/ml fibronectin and 2 mg/ml collagen I were added
to the resuspended cells in 4:2.5:1 ratio. 100 ul of cell matrix was loaded to each well and incubated
at 37°C for 1 hour to allow polymerization. Finally, 1 ml of pre-warmed growth medium was added
to the 3D culture. For recovery of 3D cells, 1 ml of cell recovery solution containing 5 mM EDTA,

1 mM sodium vanadate and 1.5 mM sodium fluoride was used.

2.2.3. Preparation of cells for immunocytochemistry

The procedure of preparing U266-3D cells for immunocytochemistry is outlined in Figure 2.1.
Histogel wells for each sample were created by inserting an Eppendorf tube into a well (24- or 48-
well plate) with 400 pl of liquid histogel (Thermo Scientific). Upon solidification of histogel, the
Eppendorf tube was gently removed, leaving a concaved up and U-shaped well for 3D culture
loading. The 3D cell culture was loaded into the well and allowed to solidify for 1 hour at 37°C.
~300 pl of growth medium was added to the 3D cell culture and incubated for two days. On the
day of embedding, the growth medium was removed and 200 pl of liquid histogel was added on
top to encapsulate the 3D cell culture within the histogel. The entire histogel was then fixed in 4%
formaldehyde at 4°C overnight and processed for paraffin wax embedding. For U266 and Karpas
299 cells, 2x10° cells were pelleted, resuspended in 100 pl histogel, transferred to a 7x7x5 mm
plastic mold (Simport) and fixed in 4% paraformaldehyde for embedding. For U266 xenograft
cells, 5 x 10° U266 cells stably transduced with luciferase gene were injected into a SCID mouse
intravenously via tail vein. The mouse was euthanized when it became immobile and lost more

than 20% body weight. The total bone marrow cells were isolated from the femur, resuspended in
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100 pl histogel and transferred to a plastic mold for embedding. All of isolated bone marrow cells

were confirmed to be U266 cells by bioluminescence imaging. After embedding, processing and

Preparation of
histogel well Removal of
histogel out of :
well
%, -
. -
- L
-
p L
Fill histogel
well with 3D
cell matrix
Fixation,
processing,
embedding

and sectioning

Figure 2.1. Schematic procedure of immunocytochemistry of MM-3D cells. A 1.5 ml
Eppendorf was inserted into liquid histogel in a 48-well plate. Upon solidified, the “histogel well”
was loaded with the 3D cell matrix containing Matrigel®, fibronectin, collagen I and MM cells.
After solidification of 3D cell matrix, growth medium was applied on top of 3D cell matrix. On
the day of harvest, the entire histogel well was scooped out of plate with a surgical knife and
transferred to a tissue cassette for fixation, embedding, processing and sectioning. An image of

H&E staining of MM-3D cells following this protocol was depicted on right side.

sectioning, the sample slides were rehydrated in xylene and decreasing concentrations of ethanol.
The antigens were retrieved using 1X citrate buffer (Sigma) by microwaving in a pressure cooker
for 20 minutes. The pSTAT3 antibody (Santa Cruz, clone B-7) was diluted as 1:50 in antibody
diluent (DAKO). MACH2 mouse HRP polymer (Biocare Medical) was used as a secondary
antibody. The chromogen and substrate were mixed and applied to each slide for 2 minutes for

color development (DAKO).
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2.2.4. DNA pulldown assay

Cell pellets from MM or MM-3D cells were lysed with CellLytic M (Sigma) with protease
inhibitor and phosphatase inhibitor cocktails (Millipore) on ice for 30 minutes. 300 pg of total cell
lysate  was mixed with 3 pmol of STAT3 DNA probe (Biotin-5’-
GATCTAGGAATTCCCAGAAGG-3’) for 30 minutes on a rotator at room temperature. 75 pl of
streptavadin agarose beads (Fisher Scientific) was added to the DNA-lysate mix. The whole
solution was incubated on a rotator at 40C overnight. The beads were washed three times with ice-
cold PBS. SDS loading buffer was added to beads and boiled for 5 minutes to dissociate bound

proteins. The beads were spun down and the supernatant was subject to SDS-PAGE.

2.2.5. Cellular thermal shift assay (CETSA)

The original protocol of CETSA was followed (23). In brief, both MM and MM-3D cells were
cultured for 48 hours. Cells were harvested using cell recovery solution and incubated on ice for 1
hour with brief vortex every 15 minutes. Cells were pelleted and washed once with cold and sterile
PBS. Cells were resuspended in PBS supplied with 5% protease inhibitor cocktail and 2.5% PMSF
prior to heating. Resuspended cells were heated at 54°C for U266 cells and 52°C for RPM18226
cells for 3 minutes using a thermal cycler. Cells were lysed by three freeze-thaw cycles in liquid
nitrogen. Aggregated proteins were precipitated at 20,000 g for 20 minutes at 4°C. The supernatant
was collected, heated (70°C for 10 minutes) and dissolved in 4X SDS loading buffer prior to SDS-

PAGE.

2.2.6. Cell viability and apoptosis assays
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Both MM and MM-3D cells on 48-well plates after drug treatment were recovered by cell recovery
solution and resuspended in fresh growth medium. 100 ul resuspended cells were transferred to a
96-well plate. Cell viability was measured by CellTiter 96® AQueous One Solution Cell
Proliferation Assay (i.e. MTS assay, Promega) or trypan blue exclusion assay (Amresco). The
apoptosis was measured by following the instructions of FITC Annexin V Apoptosis Detection

Kit I (BD Biosciences).

2.2.7. Oligonucleotide array

Total RNA of both U266 and U266-3D cells were prepared using RNeasy Mini Kit (Qiagen). First
strand cDNA was synthesized using RT2 First Strand Kit (Qiagen). All PCR reactions were
prepared by adding cDNA, RT2 SYBR Green ROX qPCR Mastermix (Qiagen) into the 96-well
plates of RT2 Profiler Human Cancer PathwayFinder PCR Array (Qiagen). The array contains 84
representative genes which are responsible for 9 biological pathways which are complicated in
human cancers. The cycle threshold (CT) values were obtained and standardized using the CT
value of GAPDH. The logarithmic ratio of mRNA expression fold changes (3D to 2D) for each

gene was calculated and ranked from highest to lowest.

2.2.8. Reverse transcriptase polymerase chain reaction (RT-PCR)

The total RNA of U266 cells in conventional culture for 2 days or in 3D culture for 1 to 4 days
were extracted using RNeasy Plus Mini Kit (Qiagen). First strand cDNA was prepared using
SuperScript® Reverse Transcriptase kit (Invitrogen). RT-PCR reactions were prepared using
SYBR® Select Master Mix (Applied Biosystems). The sequence of all forward and reverse

primers used in this study are summarized in Table 2.1. The fluorescence signal was detected and
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measured by 7900HT Fast Real-Time PCR System and analyzed by SDS2.3. The gene expression
was normalized to GAPDH.

Table 2.1. Forward and reverse primers used

Gene Forward Primer Reverse Primer

IL6 5’-TCCAGTTGCCTTCTTGGGAC-3’ 5’-GTACTCCAGAAGACCAGAGG-3’
IL21 5’-TGTGAATGACTTGGTCCCTGAA-3’ 5’-AACAGGAAAAAGCTGACCAC-3’
IL10 5’-GCCTAACATGCTTCGAGATC-3’ 5’-TGATGTCTGGGTCTTGGTTC-3’
LPL 5’-ACAAGAGAGAACCAGACTCCAA-3’ 5’-GCGGACACTGGGTAATGCT-3’
ANGPT2 5’-AACTTTCGGAAGAGCATGGAC-3’ 5’-CGAGTCATCGTATTCGAGCGG-3’
DDIT3 5’-GGAAACAGAGTGGTCATTCCC-3” 5’-CTGCTTGAGCCGTTCATTCTC-3’
CA9 5’-GGATCTACCTACTGTTGAGGCT-3’ 5’-CATAGCGCCAATGACTCTGGT-3’
GAPDH 5’-GGTCTCCTCTGACTTCAACAGCG-3’ 5’-ACCACCCTGTTGCTGTAGCCAA-3’

2.2.9. Western blot analysis

Both MM and MM-3D cell pellets were lysed by 1X RIPA buffer (Millipore) with protease
inhibitor and phosphatase inhibitor cocktails (Millipore) on ice for 30 minutes. Protein
concentration of each lysate was measured using Pierce™ BCA protein assay kit (Thermo
Scientific). Equal amount of protein was loaded on 10% homemade polyacrylamide gels for SDS-
PAGE at 100 volts. Proteins in polyacrylamide gel were transferred to nitrocellulose membrane
(Bio-Rad) at 100V for 2 hours. Primary antibodies used were anti-pSTAT3 (Y705) (1:2000, CST,
#9145), anti-STAT3 (1:1000, CST#124H6), anti-pErk (T202/Y204) (1:2000, CST, #4377), anti-
Erk (1:1000, Enzo, #ADI-KAP-MAO001), anti-pAkt (S473) (1:1000, CST, #4060), anti-Akt
(1:1000, CST, #9272), anti-cleaved (V1744) Notchl (1:1000, CST, #4147), anti-Notch1 (1:1000,
CST, #3439), anti-pIKBa (S32) (1:1000, CST, #9241), anti-IKBa (1:1000, CST, #4812), anti-p-

actin (1:1000, CST, #58169), anti-PARP (1:1000, CST, #9532) and anti-Caspase3 (1:1000, CST,
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#9665). Secondary antibodies used were HRP-conjugated anti-mouse (1:2000, CST, #7076) and
anti-rabbit (1:2000, CST, #7074). Signals on the membrane were developed using Pierce™ ECL

Western Blotting Substrate (Thermo Scientific) and exposed to X-ray films (Fuji).

2.2.10. Statistical analysis

All numerical data in this study was presented as the mean from experiment replicates or
independent experiments as described in the figure legends. Statistical significance between
groups were analyzed using Student’s t-test with 0=0.05 except Figure 6, for which one-way
ANOVA with Dunnett’s multiple t-test (0=0.05) were employed. The analysis was done using

Microsoft Excel 365 except Figure 6, for which GraphPad Prism 7 was used for analysis.

2.3. Results

2.3.1. MM cells cultured in 3D form large clusters

I cultured two MM cell lines, U266 and RPMI8226. using the 3D model that had been optimized,
as described in section 2.2.2. (17). These cells were labeled MM-3D cells, and I compared their
growth characteristics with cells cultured conventionally. As shown in Figure 2.2A, MM cells
from both cell lines cultured conventionally settled in the bottom of the tissue culture flasks, and
they were found to be present in small clusters composed of an average of 5-10 cells with a greatest
dimension of 20-30 pm (i.e. U266) or predominantly in single cells (i.e. RPMI8226). In contrast,
MM-3D cells from both cell lines were present predominantly as spherical, tight cell clusters that
were composed of >20-30 cells with the greatest dimension of >50 um (p<0.05, Figure 2.2A). |
compared the cell growth in these two different culture conditions using the trypan blue exclusion

assay. As shown in Figure 2.2B, I found that MM-3D cells grew significantly slower than those
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cultured conventionally in the first few days of culture (p<0.05), although the differences were
relatively small. These differences in cell growth became statistically insignificant on day 4 for

RPMI8226 and on day 6 for U266.
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Figure 2.2. MM cells exhibit different appearances and growth patterns in conventional
culture versus in 3D culture. (A) The morphology of U266 and RPMI8226 cells in conventional
or 3D culture after 6 days was examined by phase contrast microscopy. Images were taken at 100X

magnification. A scale bar equivalent to 20 um is included in each graph. (B) The growth of U266
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and RPMI8226 cells in conventional (blue bars) or 3D cultured (orange bars) was measured by the
trypan blue exclusion assay at various time points. Fold changes of total viable cells were
normalized to the cell number on day 0 (2.5x105 cells). The error bars represent standard deviation

from a triplicate experiment, *p<0.05, n.s. not significant, Student’s t-test.

2.3.2. STATS3 activity in MM cells is increased in 3D culture

Deregulations of several signaling pathways, including that of STAT3, Erk/MAPK, PI3K/Akt,
NF-kB and Notch, are known to be important in the pathogenesis of MM (22,24-29). To determine
if 3D culture has a significant impact on the cellular signaling in MM cells, I examined the status
of these 5 pathways in U266 and RPMI8226 cells, cultured in 3D or conventionally. As shown in
Figure 2.3A, using lysates prepared from cells harvested on day 2, I found that the
active/phosphorylated form of STAT3 (pSTAT3) was expressed in MM-3D cells, whereas this
band was not detectable in cells cultured conventionally. I did not observe consistent and/or
obvious difference in the activation status of the other 4 signaling pathways (Figure 2.3A). This

finding was confirmed by the quantification of the band intensity for pSTATS3.

In view of these findings, I focused my studies on STAT3. I then performed a time course
experiment to study the kinetics of STAT3 activation in MM-3D cells. Cells from both MM cell
lines were cultured in 3D for 4 days and the expression level of pSTAT3 was examined daily using
Western blot analysis. Triplicate experiments were performed and results from a representative
experiment are shown in Figure 2.3B. In U266 cells, the pSTAT3 band became detectable on day
1, and there was a time-dependent upregulation of pSTAT3 which peaked on day 4. In RPMI8226

cells, the pSTAT3 band also became detectable on day 1 and but it appeared to diminish gradually
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thereafter. In comparison, no pSTAT3 band was detectable in cells cultured conventionally

throughout the experiment (Figure 2.3C). Cell lysates from SupM2, an ALK-positive anaplastic
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Figure 2.3. MM cells cultured in 3D acquire STAT3 activity. (A) The activity of various
signaling pathways (STAT3, Erk/MAPK, PI3K/Akt, NF-kB and Notch) in U266 and RPMI8226
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cells cultured conventionally (2D) or in 3D was examined by Western blot analysis after 48 hours.
The relative band intensity compared to 2D (i.e. 1 fold) was quantified using ImageJ. The mean
band intensity was obtained from three independent experiments. The black line represents 1-fold
fold change in band intensity, *p<0.05, **p<0.001, Student’s t-test. (B) The STAT3 activity of
U266 and RPMI8226 cells in 2D or 3D culture from day 1 to day 4 were examined by Western
blot analysis of pSTAT3 levels. SupM2 cells were included as a positive control for the pSTAT3
level. (C) The STAT3 activity of U266 and RPMI8226 cells in conventional (2D) culture from
day 1 to day 4 were examined by Western blot analysis of pSTAT3 levels. (D) Quantitative RT-
PCR of IL6 (black), IL21 (grey) and IL10 (white) mRNA levels in U266 cells in conventional
culture (2D) or day 1 to 4 in 3D culture. 2.5x105 cells were seeded initially. The primers used for
each gene are described in section 2.2.8 and Table 2.1. The error bars represent standard deviation
from a triplicate experiment. **p<0.001 compared to 2D, one-way ANOVA with Dunnett’s
multiple t-test. (E) The DNA binding ability of STAT3 in U266 and RPMI8226 cells cultured in
2D or 3D was examined by DNA pulldown immunoblotting assay. The cells were harvested and
lysed after 48 hours in culture. STAT3 in cell lysate was pulled down by a STAT3 DNA probe

(described in section 2.2.4).

large cell lymphoma cell line known to have a high pSTAT3 expression (30), were used as the
positive control. To explore the possible activators of STAT3 in 3D culture, I checked the
expression level of several cytokines which are known to induce STAT3 phosphorylation in MM:
IL6, IL21 and IL10 (31-33). As shown in Figure 2.3D, the expression of all three cytokines in
U266 cells increased by 1.5-2.5 folds after 1 day of 3D culture compared to cells in conventional

culture.

In support of the concept that the STAT3 transcriptional activity was indeed increased in MM-3D
cells, I examined the DNA-binding ability of STAT3 using the protein-DNA pulldown assay. As

shown in Figure 2.3E, a substantially high level of STAT3 protein in MM-3D cells was pulled

93



down with the biotinylated DNA probe containing the STAT3 consensus sequence; in comparison,
no band was detectable when cells cultured conventionally were examined. To estimate the
proportion of MM-3D cells showing pSTAT3 expression, I optimized the experimental protocol,
as described in section 2.2.3., so that MM-3D cells and the surrounding matrix were readily fixed
in formalin and processed for immunocytochemistry. As shown in Figure 2.3F, the vast majority
of U266 cells cultured in 3D (overall 100 cells examined) showed definitive evidence of nuclear
pSTAT3 staining, and this finding suggests that STAT3 activation in 3D culture was a generalized
phenomenon and not restricted to a small cell subset. Additionally, a similar STAT3 activation
pattern was also observed in the U266 cells xenografted in an animal, suggesting that the 3D
culture reflected the in vivo MM condition better than the conventional culture. Lastly, I examined
if the cell concentration affects the activation of STAT3 in MM-3D cells. Thus, I doubled the cell
density from 2.5x10°/ml to 5.0x10°/ml at the beginning of the 3D culture. As shown in Figure
2.3G, while both cell lines acquired pSTAT3 on day 1, this signal decreased with time and became
undetectable on day 3 or day 4. This time-dependent decrease in pSTAT3 was likely due to the

depletion of nutrients in the tissue culture.

I also had collected evidence that the observed STAT3 activation in MM-3D is not a cell line-
specific phenomenon. As shown in Figure 2.3H, I studied two primary patient bone marrow
aspirate samples using western blot analysis, and I found that MM-3D cells, but not cells in
conventional culture, showed a substantial level of pSTAT3 expression that peaked on day 2,

similar to that seen in U266 cells cultured in 3D.

2.3.3. STAT3 activation in MM-3D cells is dependent on the 3D environment
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To understand if the expression of pSTAT3 is truly dependent on the 3D culture environment, I
extracted MM-3D cells from 3D culture matrix and transferred them to conventional cell culture.

Specifically, the matrix was dissolved, and pelleted MM-3D cells were washed and re-suspended
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Figure 2.3 (cont’d). MM cells cultured in 3D acquire STAT3 activity. (F)
Immunocytochemical analysis of pSTAT3 level in U266, U266-3D, Karpas 299 and U266
xenograft cells. The cells were fixed after 48 hours in culture. The procedure of processing,
embedding and sectioning was described in section 2.2.3. Two representative pictures were shown.
Karpas 299 cells were included as a positive control for pSTAT3 staining. (G) Western blot
analysis of pPSTAT3 and STAT3 levels of U266 and RPMI8226 cells in 2D or 3D culture from
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day 1 to day 4 with a higher cell concentration (5.0x10° cells). (H) Western blot analysis of
pSTAT3 and STATS3 levels of PMM bone marrow cells in 2D or 3D culture from day 1 to day 3.
SupM2 cells were included as a positive control for pPSTAT3 level. B-actin was probed as a loading
control in each blot. For all the above experiments except (F), 2.5x10° cells were seeded initially.

in growth medium at a cell density of 2.5x10° cells/ml. The expression level of pSTAT3 was then
evaluated at 24 hours and 48 hours using Western blot analysis. As shown in Figure 2.4, the
pSTATS3 level substantially decreased on day 2 after transfer to conventional culture in both U266

and RPMI8226 cells.

2.3.4. STAT3 inhibition is effective in decreasing cell growth of MM-3D cells

To investigate the biological significance of 3D-induced STAT3 activation, I inhibited STAT3
using a STAT3 pharmacologic inhibitor, Stattic, which has been extensively described in the
literature (34). Since I anticipated the intracellular drug level will be highly dependent on the types

of tissue culture (e.g. cell suspension versus solid matrix), I employed cellular thermal shift assay
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Figure 2.4. Acquired STAT3 activity in MM cells diminished upon recovery from 3D to
conventional culture. The STAT3 activity in U266 and RPMI8226 cells before and after recovery
from 3D culture by Western blot analysis of pSTAT3 level. U266 and RPMI8226 were pre-
cultured in 3D culture for 2 days and 1 day prior to recovery to reach a substantial pSTAT3 level,

respectively. B-actin was probed as a loading control. 2.5x10° cells were seeded initially.
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(CETSA) (23), to compare the extent of STAT3-Stattic binding in MM-3D cells and in cells
cultured in suspension. As shown in Figure 2.5A, in U266-3D cells, Stattic was found to be

substantially bound to STAT3 at a dose of 4 uM, which was found to induce more than 50%
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Figure 2.5. MM cells in 3D but not conventional culture undergoes apoptosis at equal drug
accessibility. CETSA of (A) U266 and (B) RPMI8226 cells in conventional or 3D culture after 1

hour of Stattic treatment. Vinculin was blotted as a loading control. The STAT3/vinculin ratios
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were quantified using ImagelJ and shown on the right. Error bars represent the standard deviation
from two independent experiments. (C) The effect of STAT3 inhibition on cell viability of U266
and RPMI8226 cells in conventional or 3D culture. The cells were treated with Stattic for 24 hours.
Cell viability was measured by MTS assay and normalized to cells with no Stattic treatment. The
error bars represent standard deviation from a triplicate experiment, *p<0.05, Student’s t-test. For
all the experiments above, U266 and RPMI8226 cells were cultured for 2 and 1 days before the
Stattic treatment to reach a substantial pSTAT3 level, respectively. 2.5x10° cells were seeded

initially.

reduction in cell viability after 24 hours (Figure 2.5C). In comparison, in U266 cells grown
conventionally, 0.3 pM of Stattic was the lowest dosage found to be effective in mediating a
substantial physical binding between Stattic and STAT3, and this dosage of Stattic did not induce
any significant loss of cell viability. Similarly, in RPMI8226-3D cells, a substantial Stattic-STAT3
binding was observed at 15 uM (Figure 2.5B), which induced more than 50% reduction in cell
viability (Figure 2.5C). In comparison, only 0.6 uM of Stattic was required for a substantial
Stattic-STAT3 binding in conventionally cultured cells, and no significant reduction in cell
viability was seen at this dosage. In summary, with a comparable level of Stattic-STAT3 binding,
MM-3D cells showed significant reduction in cell growth whereas cells in suspension did not show
significant changes. These findings support the concept that STAT3 activation in MM-3D is
biologically important. To investigate the mechanism underlying the Stattic-induced reduction in
cell viability, I asked if apoptosis played a role. As shown in Figure 2.5D, Stattic was found to
induce apoptosis in MM-3D cells, as shown by the level of Annexin V staining, cleaved PARP
and caspase 3 (Figure 2.5E). Specifically, the expression of cleaved PARP and caspase 3 was
detectable at the same dosages of Stattic at which a substantial binding between Stattic-STAT3

was found (i.e. 3-4 uM for U266 cells and 15-20 uM for RPMI8226 cells). In contrast, no sign of
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apoptosis was observed in both cell lines cultured conventionally; specifically, no appreciable

Annexin V staining, cleaved PARP and cleaved caspase 3 were found at the dose range where
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Figure 2.5 (Cont’d). MM cells in 3D but not conventional culture undergoes apoptosis at
equal drug accessibility. (D) The effect of STAT3 inhibition on apoptosis in U266- and
RPMI8226-3D cells. The cells were treated with Stattic for 24 hours and stained with an apoptotic
marker Annexin V. The percentage of Annexin V-positive cells was analyzed by flow cytometry.
(E) The expression levels of two apoptotic markers, cleaved PARP and cleaved caspase 3, in U266-
and RPMI8226-3D cells after 24 hours of Stattic treatment were examined by Western blot
analysis. B-actin was probed as a loading control. (F) The effect of STAT3 inhibition on apoptosis
in U266 and RPMI8226 cells in conventional culture. The cells were treated with Stattic for 24
hours and stained with an apoptotic marker Annexin V. The percentage of Annexin V-positive

cells was analyzed by flow cytometry. (G) The expression levels of two apoptotic markers, cleaved
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PARP and cleaved caspase 3, in U266 and RPMI8226 cells cultured conventionally after 24 hours
of Stattic treatment were examined by Western blot analysis. f-actin was probed as a loading
control. For all the experiments above, U266 and RPMI8226 cells were cultured for 2 and 1 days
before the Stattic treatment to reach a substantial pPSTAT3 level, respectively. 2.5x10° cells were

seeded initially.

Stattic can effectively bind to STAT3 (i.e. 0.3-0.4 uM for U266 and 0.6-0.8 uM for RPMI18226)

(Figure 2.5F and 2.5G).

2.3.5. STAT3 inhibition sensitizes MM-3D cells to bortezomib

Since EGFR-induced STAT3 activation has been shown to promote resistance to proteasome
inhibitors in MM cells (21), I asked if the STAT3 activation in MM-3D cells contributes to
resistance to bortezomib, a proteasome inhibitor commonly used in treating MM patients. To
address this question, I tested if Stattic can sensitize the STAT3-active MM-3D cells to
bortezomib-induced cytotoxicity. Thus, I cultured U266 cells in 3D for 48 hours, and this resulted
in a relatively high expression level of pSTAT3 in these cells (Figure 2.3). I then treated these
cells with bortezomib at dose (i.e. 7 nM) that I had already confirmed to be slightly lower than that
of the inhibitory concentration at 50% (ICso). For Stattic treatment, I used two doses where
substantial Stattic can bind to STAT3, as illustrated in Figure 2.5A and 2.5B. As shown in Figure
2.6A, treatment with a combination of 7 nM of bortezomib and 3 or 4 uM of Stattic resulted in a
significantly higher reduction in the number of viable U266-3D cells, as compared to cells treated
with bortezomib or Stattic alone (p<0.001). Similar results were observed for RPMI18226-3D cells
(Figure 2.6A). In contrast, Stattic treatment did not improve the cytotoxic effect to both MM cell

lines cultured conventionally (Figure 2.6B).
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Figure 2.6. STAT3 inhibition in MM-3D cells sensitizes them to bortezomib. Cell viability of
U266 and RPMI8226 cells in (A) 3D or (B) conventional culture was measured after treatment
with Stattic, bortezomib (BTB) or both for 48 hours. U266 and RPMI8226 were pre-cultured in
3D for 2 days and 1 day before drug treatment to reach a substantial pSTAT3 level, respectively.
Cell viability was measured by MTS assay and normalized to the cell viability of untreated cells.
2.5x10° cells were seeded initially. The error bars represent standard deviation from a triplicate

experiment, **p<0.001, Student’s t-test.
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2.3.6. Gene expression profiling in MM-3D cells

To better understand the biochemical changes induced by the 3D culture, I performed an
oligonucleotide array comparing U266-3D and U266 cultured conventionally. The RT? Profiler
Human Cancer PathwayFinder PCR Array containing 90 genes implicated in oncogenesis was
used, as detailed in section 2.2.8. Compared to U266 cells grown conventionally, U266-3D cells
showed an increase in the expression of lipoprotein lipase (LPL, 14.1 folds), angiopoietin 2
(ANGPT?2, 6.8 folds) and Snail homolog 3 (SNAI3, 3.5 folds), and a decrease in the expression of
DNA-damage-inducible transcript 3 (DDIT3, -35.9 folds), carbonic anhydrase 9 (CA9, -22.3 folds)
and ovalbumin (SERPINB2, -19.4 folds) (Figure 2.7A). By performing signaling pathway analysis
using Pathway Common Network Visualizer (www.pathwaycommons.org/pcviz), 1 found that 4
out of these 6 most modulated genes (LPL, ANGPT2, DDIT3 and CA9) are directly or indirectly

related to STAT3 (Figure 2.7B). The upregulation of LPL and ANGPT?2 and downregulation of
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Figure 2.7. Gene expression changes in MM-3D cells are STAT3-relevant. (A)
Oligonucleotide assay of human cancer-related genes using U266 or U266-3D cDNA. The cDNA
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was extracted from U266 cells after 2 days in conventional (2D) or 3D culture. All 2D and 3D
gene expressions were normalized to the corresponding GAPDH expressions. The logarithm of
gene expression ratio (3D/2D) was computed for each gene and ranked from the highest (left) to
the lowest (right). The top three most upregulated (blue) and downregulated (red) genes were
indicated in the graph.

DDIT3 and CA9 in 3D culture were confirmed by quantitative RT-PCR (Figure 2.7C).
Specifically, the mRNA levels of LPL and ANGPT? increased by approximately 10 and 2.8 folds
on day 2 in 3D culture compared to conventional culture on day 2, respectively (p<0.001). The
mRNA levels of DDIT3 and CA9 decreased by approximately 10 folds in 3D culture compared to

conventional culture on day 2 (p<0.001).

2.4. Discussion

The phenotype of cancer cells dedicating features such as chemoresistance, the rate of growth,
morphology and mobility, is known to be greatly influenced by the microenvironment in which
the cells exist. These findings suggest that it may be more biologically relevant to employ 3D
culture models to study cancer biology (35). In support of this concept, many studies comparing
malignant epithelial or neurogenic cells cultured in 3D and those cultured conventionally have
revealed substantial phenotypic and biochemical differences (36). For instance, glioblastoma cells
cultured in a 3D environment were found to have high levels of proliferation, invasiveness and IL-
8 secretion when compared to the same cells grown in monolayer (4). Furthermore, several studies
have shown that experimental manipulations of cancer cells can generate vastly different results,
depending on whether cells were cultured in 3D or conventionally. For example, inhibition of -

integrin was found to ablate the spheroid architecture of breast cancer cells, but only when the
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Figure 2.7 (Cont’d). Gene expression changes in MM-3D cells are STAT3-relevant. (B)

Signaling pathway analysis of the top three most upregulated and downregulated genes from (A)

and their relationship with STAT3 using Pathway Common Network Visualizer. A blue line

connects two genes which one can affect the expression level of another. A green line connects

two genes which one can affect the protein state of another. (C) Quantitative RT-PCR of LPL,
ANGPT2, DDIT3 and CA9 mRNA levels in U266 cells in conventional culture (2D) or day 1 to 4
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in 3D culture. 2.5x10° cells were seeded initially. The primers used for each gene were described
in Table 2.1. The error bars represent standard deviation from a triplicate experiment, **p<0.001

compared to 2D, Student’s t-test.

cells were cultured in 3D but not in monolayer (37). There is direct evidence that results generated
from using the 3D study models are more representative of the in vivo scenarios. As mentioned
above, glioblastoma cell lines established from patient derived xenografts were found to have a
drug resistant profile that correlated with the clinical outcome, but only if the cells were grown in
a 3D environment (5). Overall, it appears that studying cancer biology using 3D models is

biologically and clinically relevant.

To my knowledge, most of the published cancer studies using 3D models have focused on
epithelial malignant cells (such as breast cancer) or neurogenic tumors (such as glioblastoma). In
the field of MM research, I notice a relatively small number of studies on 3D culture. 3D dynamic
devices such as bioreactor and microfluidic flow provide continuous nourishment to MM cells,
but the equipment is expensive and does not allow high throughput drug screening (14,38). In
another model, de la Puente et al. employed cross-linked fibrinogen-matrix supplemented by
patient-derived bone marrow mononuclear cells and supernatants, and they successfully expanded
fresh PMM cells derived from 3 different patients (15). However, the observation that there was a
2.5-fold increase in PMM cells within 7 days appears to be inconsistent with the fact that the
proliferation index of MM is generally low (i.e. average 6.5% Ki-67 positivity in Stage Il MM
patients) (39). In my 3D culture system, which was adapted from Kirshner et al. (16,17), 1
employed a mixture of extracellular matrix proteins and Matrigel® designed to mimic the bone

marrow matrix. This ‘reconstructed’ bone marrow matrix was previously shown to support the
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proliferation of PMM cells for up to 30 days, a task that is difficult to achieve in conventional
culture (16). The value of this 3D system was further demonstrated in the same study that a
relatively high dose of bortezomib eliminated only a subset of MM cells growing in the 3D culture
(16), and this finding contrasted with the observation in conventional culture in previous studies
in which nano-molar doses of bortezomib were sufficient to induce substantial cytotoxicity (40,41).
Importantly, as reported by Krishner ef al., the partial resistance to bortezomib seen in the 3D
model was found to correlate with a poor clinical response to bortezomib monotherapy in MM
patients (42,43). In light of these findings, two more recent studies have adapted the same 3D
model for assessment of the efficacy of novel anti-MM agents. Specifically, one study reported
that anti-CD56-conjugated maytansinoid is able to overcome drug resistance in a co-culture system
including MM cells and stromal cells (44). In another study, two NF-kB inhibitors were found to

induce cytotoxicity to putative MM cancer stem cells in the 3D model (45).

The biochemical effects of 3D culture on MM cells are not well understood. In this study, I have
confirmed that the reconstructed bone marrow matrix can exert phenotypic and biochemical
changes. Specifically, cells grown in this 3D culture system grew in large clusters instead of single
cells or small clusters, as seen in the conventional culture system. In addition, the constitutive
activation of STAT3 was observed in 3D cells but not in cells cultured conventionally. The
upregulation of STAT3 was found to be rapid (i.e. within 24 hours), and I have evidence that this
biochemical abnormality is dependent on the continuous 3D culture, as STAT3 became inactive
when MM cells were brought back to conventional culture. The mechanism of STAT3 activation
in 3D is likely multi-factorial. First, as shown in this study, there were increases in the expression

of cytokines (i.e. IL6, IL21 and IL10) known to activate STAT3 in MM. Second, the physical
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support of MM cells in 3D culture likely promotes whole-surface contact with extracellular matrix
proteins, and this phenomenon leads to the 3D-induced spheriod formation and contributes to
STAT3 activation. Similar observations were seen in 3D cultured breast cancer cells (46). I have
found that the pSTAT3 nuclear staining was present in the vast majority of cells in the 3D culture,
confirming that the elevated STAT3 activity is generalized phenomenon and not restricted to a
small cell population. The 3D-induced upregulation of STAT3 activity may have contributed to
the fact that the cell growth in the 3D environment caught up with that of conventional culture
after a few days (i.e. Figure 2.1). In keeping with this concept, pharmacologic inhibition of STAT3
in MM-3D cells indeed resulted in a significant reduction in cell growth. The validity of these
findings is also supported by the observation that MM cells in conventional culture were not

sensitive to Stattic.

The oncogenic characteristics of STAT3 have been extensively reviewed (47-50). In MM, STAT3
is believed to upregulate various proteins which are responsible for enhancing cell survival,
proliferation and drug resistance (51-53). STAT3 has been reported to be constitutively active in
MM patients (22,54,55). Pharmacological agents such as curcumin, piperlongumine, icaritin and
LLL12 which blocked STAT3 phosphorylation were reported to suppress PMM cell viability
and/or MM tumor growth in animal models (22,56—58). Clinically, a high pSTAT3 level has been
reported to correlate with poorer progress-free survival and overall survival in newly diagnosed
MM patients (59). On the other hand, MM cell lines (e.g. RPMI8226) typically showed no
evidence or a low level of STAT3 activity (60), except few of them with constitutive autocrine IL6
stimulation (e.g. U266 cells, (61)). In my hand, however, both U266 and RPMI8226 cells showed

a low level of STATS3, possibly suggesting the emerging of STAT3-independent U266 cells in
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conventional culture after many passages. The discrepancy of STAT3 activity in PMM cells and
MM cell lines may result from the fact that various STAT3-activating cytokines and/or factors are
abundant in vivo and in 3D culture models, but they are either absent or present in a low
concentration in cell suspension. In this regard, extracellular matrix proteins, which are present in
vivo and in 3D but not in cell suspension, have been found to be an important source of STAT3
activation in MM (62,63). In support of this concept, MM cells cultured on fibronectin-coated
surface had more robust IL6-induced STAT3 activation than those cultured in cell suspension (62).
In another study, it was found that MM cell lines showed STAT3 activation that could be enhanced
by Reelin, an extracellular matrix protein (63). Overall, there is ample evidence that extracellular
matrix proteins contribute to the aberrant STAT3 activity in MM, and this phenomenon is

recapitulated in 3D culture systems but not in cell suspension.

My oligonucleotide array studies have revealed dramatic differences in the gene expression
between MM-3D cells and cells cultured conventionally. Interestingly, LPL and AGPNT2 (being
significantly higher in MM-3D cells) as well as DDIT3 (being significantly lower in MM-3D cells)
are reported to associated with STAT3 signaling. LPL, known to hydrolyze triglycerides into free
fatty acids and glycerol, has been shown to be upregulated by STAT3 in chronic lymphatic
leukemia (CLL) (64). LPL is known to have oncogenic potential. As the result of the activity of
LPL, it is believed that the generated free fatty acids binds to PPARa so as to promote the cell
survival and proliferation of CLL cells (65). ANGPT2 concentrations in bone marrow have been
found to be significantly higher in patients with active MM compared to those with smoldering
MM, MGUS or healthy donors (66). ANGPT2 serum level is positively correlated with bone

marrow microvascular vessel density in patients with active MM (66). Additionally, it was found
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that bone marrow mononuclear cells from MM patients secreted substantially more ANGPT2

compared to those from healthy donors in a 3D bioreactor model (14). DDIT3 was found to be

decreased in MM-3D cells and has been reported to have tumor suppressor effects. DDIT3 is a

protein that induces apoptosis in various types of cancer cells upon endoplasmic reticulum stress

(67). It is also reported that DDIT3 expression is supressed by STAT3, leading to enhanced

survival in mesothelioma (68).
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CHAPTER 3

The effect of STAT3 on primary multiple myeloma cells in
3D culture

A modified version of this chapter is in preparation for publication as “Huang, YH.; Almowaled,
M.; Li, J.; Venner, C.P.; Sandhu, I.; Peters, A.; Lavasanifar, A.; Lai, R. The effect of STAT3 on
primary multiple myeloma cells in 3D culture.” I wrote the manuscript and conducted all the
experiments. RL edited the manuscript. RL, AL and I designed experiments. CPV, IS and ACP

provided patient bone marrow samples with patient consent. MA and JL provided assistance with
bone marrow mononuclear cell extraction and flow cytometry analysis.
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3.1. Introduction

Although immortalized human cancer cell lines have advanced cancer research since the 1950s,
their suitability to represent real tumors was questioned recently. In fact, it was reported that 18 to
46% of human cancer cell lines are misidentified or cross-contaminated (1,2). Several comparative
studies between primary cell lines and cell lines and found a remarkable difference at genomic
profiles (3—5). Due to different growth conditions in artificial culture, it is expected that human
cancer cell lines harbor gene mutations which are not seen in the natural disease. A comparative
proteomic study between PMM cells and MM cell lines showed an upregulation of biosynthetic
proteins including ribosomal subunits, chaperons and translational factors and a downregulation
of immune response elements including complement receptors and MHC class I and II molecules
(6). Most importantly, cancer cell lines do not retain the microenvironment elements which alter
the behavior of cancer cells. MM is a hematological malignancy which known to heavily rely on
extracellular interactions with the microenvironment (7). Preclinical evaluation of novel anti-
myeloma agents such as daratumumab had been tested using PMM cells and are now approved to
be used in the clinic (8,9). These reasons suggest primary cells as a better cell model for studying

MM.

The major challenge of PMM cell culture is their rapid loss of cell viability in conventional culture
even in the presence of stimulating cytokines and growth factors which are known to induce cell
growth in MM cell lines (10). A three-dimensional (3D) reconstructed bone marrow matrix cell
culture method was shown to maintain both the PMM cells and stromal cellular components for
up to 30 days (11). However, the biochemical mechanism of how 3D culture maintains MM cell

viability remained unknown. In Chapter 2, I showed that STAT3 signaling was activated in MM
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cell lines in 3D cultured with 1-2 days, which is a phenomenon seen in >50% MM patients (12—
14). Moreover, I found that 3D cultured MM cells underwent apoptosis after STAT3 inhibition,
suggesting high dependence on STAT3 pathway in real MM. In contrast, no effect was seen in
MM cells cultured conventionally. In this study, I question if STAT3 activity combined with 3D

culture is essential for superior cell viability compared to conventional culture.

Here I employed the same 3D culture system to investigate its capability to maintain PMM cells
freshly extracted from patients compared to conventional culture. To account for the interactions
with the stromal cells, I did not purify the malignant MM cells and culture them alone. I used flow
cytometry analysis to measure the cell viability (CD38") and STAT3 activity (pSTAT3 at Y705).
Additionally, I modulated STAT3 activity to examine the effect on cell viability in both culture
systems. This study provides understanding of the essential factors for long-term culturing of

PMM cells.

3.2. Materials and Methods

3.2.1. PMM samples, 3D culture and Stattic/IL6 treatment

All procedures of patient sample handling were followed according to a protocol approved by
HREBA (HREBA.CC-17-0591). MM Bone marrow aspirates with signed patient consent form
were collected from Cross Cancer Institute at University of Alberta. Bone marrow mononuclear
cells were extracted using Ficoll-Pague gradient solution (GE Health Care). The total viable cell
number was estimated by trypan blue exclusion assay. The bone marrow mononuclear cells were
subject to 3D culture as described previously (15). In brief, bone marrow mononuclear cells were

resuspended in the reconstructed bone matrix containing 4 parts of Matrigel® (Corning), 2.5 parts

120



of 1 mg/ml fibronectin and 1 part of 2 mg/ml collagen I at a concentration of 1 million cells per
100 pl. 100 pl reconstructed bone matrix was loaded to each well on a 48-well plate pre-coated
with reconstructed endosteum solution. After incubation at 37°C for 1 hour, fresh bone marrow
growth medium (BMGM, RPMI1460 medium supplied with 20% pooled human plasma from
healthy donors) was added to the solidified reconstructed bone marrow matrix. Bone marrow
mononuclear cells in 3D culture were harvested by dissolving in cell recovery solution (1xPBS
with 5 mM EDTA, I mM Na3VO0O4 and 1.5 mM NaF solution. IL6 and Stattic lyophilized powder
(Sigma) was dissolved in sterile water and DMSO, respectively, in a stock concentration of 10
pg/ml and 1 mg/ml, respectively. 3D cultured BMMCs were treated with 30 pg/ml IL6 every day

for 3 days or with 0.4 pM and 4 pM Stattic once on day 2 for 24 hours.

3.2.2. Flow cytometry analysis

For CFSE staining, isolated bone marrow mononuclear cells were washed twice with DPBS
(Gibco) and stained with 0.25 uM of CFSE in DPBS for 20 minutes in dark at room temperature
prior to seeding in 3D culture. The cells at different time points were recovered from the 3D culture
using cell recovery solution and washed with PBS twice before flow cytometry analysis using
FACSCanto II (BD Biosciences). For CD38 staining, recovered 3D bone marrow mononuclear
cells were washed in PBS twice and resuspended in 50 pl PBS containing 10 pl anti-CD38-PE
(Santa Cruz) in dark at room temperature for 20 minutes. The cells were washed one time in PBS
and subject to flow cytometry analysis using FACSCanto II. The same number of cells stained
with isotype anti-mouse-PE were included as a reference control. For CD38-pSTAT3 double
staining, recovered 3D bone marrow mononuclear cells were fixed in 2% paraformaldehyde at

370C for 10 minutes. The cells were washed in PBS with 1% BSA once and permeabilized with
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100% methanol on ice for 30 minutes. The cells were then washed twice in PBS with 1% BSA and
resuspended in 50 pl PBS with 10 pl anti-CD38-PE and 5 pl anti-pSTAT3-FITC (Santa Cruz) in
dark at room temperature for 20 minutes. The cells were washed one time in PBS with 1% BSA
and subject to flow cytometry analysis using FACSCanto II. The data was analyzed by FlowJo

program version 10 (Becton, Dickinson & Company).

3.3. Results

3.3.1. PMM cells are preserved significantly better in 3D culture

To address the question of whether PMM cells can be better preserved in 3D culture, I cultured
BMMCs isolated from 13 consecutive myeloma patients in 3D and conventional culture
simultaneously. Using flow cytometry, I assessed the number of PMM cells, as identified by the
CD38 expression, in the sample on day 3, 7 and 10. The viability of the total cell population in the
samples was assessed by performing the trypan blue exclusion assay. Thus, the absolute viable
PMM cell counts were determined by multiplying the total viable cells (i.e. trypan blue) and the

percentage of CD38" cells.

As shown in Figure 3.1A, the PMM cell numbers (after normalization to day 0) on day 3 were
significantly higher in 3D than in conventional. Specifically, MM cases resulted in higher
viability of CD38" MM cells 3 days in 3D culture compared to conventional culture (60% versus
27% of day 0, p=0.010, paired Student’s t-test). Similarly, CD38" cell viability in 3D culture was
significantly higher on day 7 (36% versus 21%, p=0.028, paired Student’s t-test, Figure 3.1B)

and day 10 (32% versus 14%, p=0.029, paired Student’s-test, data not shown). Since the most
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dramatic difference in CD38" cell viability between the two culture systems was seen on day 3,

we used this time point for further experiments.
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Figure 3.1. PMM cells are better preserved in 3D culture compared to conventional culture.

Fold change of viable CD38" cell numbers from MM patients in conventional or 3D culture on (A)

day 3 (n=15) and (B) day 7 (n=11) relative to day 0. The mean value was indicated with error bars

representing standard error. *p<0.05, paired Student’s t-test. Three representative cases for each

day were shown.

3.3.2. PMM cell proliferation rate is similar between 3D and conventional culture

To determine if the superior cell viability in 3D is due to more rapid cell proliferation, I compared

the proliferation rate of CD38" cells by CFSE staining in two culture methods. In principle, the

number of CD38"CFSE" cells is expected to decrease as the cells divide over time.

123



CD38'CFSE”

n.s.
5 0.8- |
o Og
Eo
0.6 a T
=) o
[T =] —
0 g -
5 g 0.4 b
g‘ = - o
G ®
ﬁ @ 0.2 =
.
=
) s}
L“ 0.0 & T
Conventional 3D
3 days in culture
CD38'CFSE*
n.s.
s 0.8 ' !
o Qo
Eo
e ;..,0-6' -
- © D
o T
(= I N E—
‘S ‘; 0.4 05
o> N
] S
o o)
5 @024 —
2 =
o
w00 = .
Conventional 3D

7 days in culture

CD38'CFSE”*

n.s

e
[==]
1

e
(=]
1

=
[\~
1

Ooo
[m]

=

Conve;u]tional 3D
10 days in cuiture

Fold chang of cell number
relative to day 0
o=
i

e
o
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The mean value was indicated with error bars representing standard error. n.s. not significant,

paired Student’s t-test.

As shown in Figure 3.2, I found that in 5 of 5 MM cases, there is no significant difference in the
fold change of CD38"CFSE" cells between the two culture systems on day 3 (34% and 50% of
day 0 for conventional and 3D culture, respectively, p=0.300, paired Student’s t-test). A similar
finding was observed on day 7 and day 10 (p=0.128 and p=0.076, respectively, paired Student’s
t-test). This finding suggests that the superior MM cell viability in 3D culture is not due to higher

cell proliferation rate relative to conventional culture.

3.3.3. STAT3 is more active in PMM cells cultured in 3D culture

I previously reported that STAT3 is required for maintaining the cell viability of 2 MM cell lines
(U266 and RPMI8226) in 3D culture but not in conventional culture (Figure 2.3). In light of this
concept, [ asked if STAT3 plays a role in maintaining a PMM cell viability in 3D culture. I assessed
the STATS3 activity in PMM cells by double-staining the BMMCs from MM patients with CD38
and pSTAT3 (Y705) antibodies. As shown in Figure 3.3A, I found significantly more total viable
CD38pSTAT3" cells remained in 3D culture after 3 days compared to conventional culture.
Specifically, in 5 of 5 MM samples, the average fold change of CD38 pSTAT3" cell number in
3D and conventional culture relative to day 0 was 0.66 and 0.10 fold, respectively (p=0.008, paired
Student’s t-test). Consistent with this finding, I observed a higher CD38" cell viability in 3D
culture compared to conventional culture (0.17- and 0.36-fold of day 0, respectively, p=0.003,
paired Student’s t-test) as shown in Figure 3.3B. These findings suggest that CD38" MM cell
viability is maintained in 3D culture due to the relatively higher STAT3 activity compared to

conventional culture.
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error. **p<0.001, paired Student’s t-test.

3.3.4. IL6 further improves PMM cell viability in 3D but not conventional culture
I next asked if the addition of IL6, the most well-known source of STAT3 activation in MM will

help improve CD38" cells viability in both culture systems (16). I treated the BMMCs in the two
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Figure 3.4. IL6 improved PMM cell viability in 3D but not in conventional culture. Fold
change of viable CD38" (A) and CD38 pSTAT3" (B) cell number from 3 MM patients in
conventional or 3D culture on day 3 relative to day 0. 30 pg/ml IL6 was added to cells every 24
hours for 3 days. The mean value was indicated with error bars representing standard error. n.s.

not significant, *p<0.05, paired Student’s t-test.

culture systems with 30 pg/ml IL6, which is the average serum concentration measured in Stage
III MM patients (17), every day for 3 days. As shown in Figure 3.4A, I found that IL6 led to a
significant increase of the total viable CD38" cell numbers in 3D culture on day 3. Specifically, in

3 of 3 MM samples, treatment of IL6 led to a significant increase in viable CD38" cell number
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from 0.41 fold to 0.68 fold relative to day 0 in 3D culture (p=0.021, paired Student’s t-test). On
the other hand, no significant difference was observed in conventional culture after treatment of
IL6 (p=0.689, paired Student’s t-test). Correlating with these findings, I observed a significant
increase of CD38 pSTAT3" cell number from 0.85 fold to 1.95 fold relative to day 0 in the
presence of IL6 in 3D culture on day 3 (p=0.014, paired Student’s t-test, Figure 3.4B). No increase
in CD38 pSTAT3" cell number was seen in conventional culture after IL6 treatment (p=0.737,
paired Student’s t-test, Figure 3.4B). This result suggests that MM cells in 3D culture are more

prone to IL6-dependent STAT3 activation, which leads to further improved cell viability.

3.3.5 Stattic reduces PMM cell viability in 3D culture but not in conventional culture

Given the positive correlation between STAT3 activity and the survival of MM cells in 3D culture,
I next asked if inhibition of STAT3 ablates MM cell viability. According to Chapter 2, compared
to conventional culture, about 10-fold higher drug dose is required to achieve equivalent drug-
protein binding in 3D culture. In keeping with this, I treated the BMMCs from MM patients in 3D
culture with two different doses of Stattic (0.4 and 4 uM) required to substantially bind to STAT3
in U266 cells cultured conventionally and in 3D, respectively (Figure 2.5A). As shown in Figure
3.5A, in 3 of 3 MM cases, the total number of viable CD38" MM cells significantly decreased
from 0.38 to 0.17 fold relative to day 0 in 3D culture after treated with 4 uM Stattic for 24 hours
on day 3 (p=0.038, paired Student’s t-test). On the other hand, the CD38" cell number was
unchanged in 2D culture after the treatment of both 0.4 and 4 uM Stattic for 24 hours on day 3
(p=0.245 and p=0.478, respectively, paired Student’s t-test). Consistent with these findings, the
CD38 pSTAT3" cell number in 3D significant decreased from 0.82 fold to 0.09 fold relative to

day 0 in the presence of 4 uM Stattic (p=0.010, paired Student’s t-test), and no significant change
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Figure 3.5. Stattic ablates PMM cell viability in 3D culture but not in conventional culture.
Fold change of viable CD38" (A) and CD38 pSTAT3" (B) cell number from 3 MM patients in
conventional or 3D culture on day 3 relative to day 0. 0.4 or 4 uM Stattic was added to cells on
day 2 for 24 hours. The mean value was indicated with error bars representing standard error. n.s.

not significant, *p<0.05, paired Student’s t-test.

was seen in conventional culture in the presence of both 0.4 and 4 uM Stattic (p=0.278 and p=0.496,
respectively, paired Student’s t-test) (Figure 3.5B). These results suggest that STAT3 activity

contributes to superior MM cell viability in 3D culture but not in conventional culture.
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3.4. Discussion

Primary cancer cells as a model provide a more realistic aspect of MM biology and a more precise
evaluation of therapeutics for MM. For example, preclinical assessment of daratumumab on PMM
cells showed that it improved the cell lysis induced by lenalidomide or bortezomib in refractory
MM via activation of NK cells (8). Studies like these often applied treatment to cells immediately
after extraction from patients. Additionally, the drug treatment usually did not exceed 48 hours
because it is technically challenging to maintain primary cancer cells in conventional culture. A
previous study profiled that the cell viability of purified CD138" PMM cells decreased to 20%
within 3 days in conventional culture (10). This explains why most reported drug treatment

experiments using PMM cells rarely exceed 48 hours after cell aspiration from patients.

Attempts have been made to increase the longevity of PMM cells in culture. In one study, it was
shown in one MM case that the presence of IL6, VEGFR and IGF1, together with bone marrow
stromal cells from healthy donor, resulted in increased viable PMM cell number from ~5% to
~40% of that on day 0 in conventional culture on day 7 (10). Another study reported that CD138"
PMM cells from 4 MM patients cultured on a monolayer of human fetal bone marrow stromal cells
stably expended from 30,000 cells to around 50,000 cells in 14 days (18). However, the fetal bone
marrow stromal cells used in this study were collected from the femurs of 8-12 weeks old human
fetuses after simultaneously abortion, which are technically infeasible to obtain. In another study,
the authors used human pooled plasma (20%), instead of FCS, in a hope to increase the lifespan
of PMM in conventional culture. It was found that the cell viability of CD138" PMM cells from
38 patients cultured with 20% pooled plasma patient sustained significantly more PMM cells on

day 3 compared to those cultured with 10% FCS (60% vs. 40% of day 0) (19). A research group
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suggested an animal model implanted with polymeric scaffold and human bone marrow stromal
cells for in vivo enrichment of PMM cells (20). After injecting PMM cells from 10 patients into
the scaffold, the serum paraprotein concentration in xenografted mice raised from 0 to at least 250
ng/ml after 80 days, suggesting the development of MM. However, it was also mentioned that this
method will take at least a month for the tumor to develop. A microfluidic device was proposed to
mimic the blood flow in the bone marrow to constantly nourish PMM cells with fresh growth
medium (21). However, it was found that the PMM cell numbers (marked by CDI138" or
CD38'CD56") significantly decreased from 4000 cells to 170 cells (4%) within 7 days in 3 MM
patients. Moreover, this study did not include conventionally cultured PMM cells for comparison,
hence it is hard to conclude if it is a better culture method compared to conventional culture.
Another group has employed 3D tissue-engineered bone marrow culture to increase the viability
of PMM cells (22). In this study, bone marrow mononuclear cells from 3 patients together with
human endothelial cells were seeded into 3D culture. The cell proliferation was measured by the
Ki67 staining and analyzed by flow cytometry. It was found that the CD138" PMM cells in 3D
cultured showed a 2.5-fold increase in cell proliferation in 7 days, whereas those in conventional
culture did not change their proliferation rate. However, this finding appears to contradict with the
biology of myelomas, which are known to be slowly proliferative (<7% Ki-67 positivity in 35 MM
patients) (23). Overall, I believe that more studies are needed to establish a more technically
feasible method to keep PMM alive in vitro without substantially modifying their natural

biological behavior.

While I adopted the method that is similar to that published by Kirshner ez al. (11,24), I employed

a different approach to estimate the number of viable PMM by combining both flow cytometric
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analysis of CD38" percentage and trypan blue staining of viable BMMCs. Kirshner et al.
demonstrated that 3D cultured PMM cells underwent cell proliferation via the disappearance of
CFSE staining for up to 25 days in 4 patients. However, the change of PMM cell viability was not
reported. Here I showed that 10% of PMM cell viability remained after 10 days in 3D culture with
a relatively high number of patient samples (n=11). Importantly, I have included conventionally
cultured PMM cells for comparison and found a significant higher PMM cell viability was
maintained in 3D compared to conventional culture on day 3. I also reported that addition of IL6
can further improve the sustainability of PMM cells in 3D culture. Additionally, IL6 did not
improve the cell viability of PMM cells, suggested the importance of 3D environment in inducing
IL6-dependent STAT3 activation. This finding is different from what was found using human MM
cell lines, where IL6 induces STAT3 activation and cell growth (25), suggesting that MM cell lines

do not sufficiently reflect the true MM tumor in vivo.

I previously showed that STAT3 is activated in MM cell lines in 3D culture compared to
conventional culture (Chapter 2). Moreover, blocking STAT3 induced apoptosis in 3D cultured
MM cells but had no effect in conventionally cultured MM cells. In keeping with this concept, I
asked if STAT3 activity is essential for maintaining the viability of PMM cells. STAT3 activity in
PMM cells has been investigated with different parameters in three independent studies. Bharti et
al. examined the activity of STAT3 using immunofluorescence staining of STAT3 and found that
CD138" cells from >50% of 22 MM patients showed strong nuclear STAT3 staining which
implicated high STAT3 transcriptional activity (12). In another study using flow cytometric
analysis, it was shown that about 5-fold more CD38"" cells were pSTAT3 (Y705)-positive in MM

patients as compared to healthy donors (13). The third study reported that around 50% of 48 cases
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showed pSTAT3 (Y705) positivity in CD138" MM cells by immunohistochemical analysis (14).
The level of pSTAT3 (Y705) is positively correlated with poor progression-free survival and
overall survival with hazard ratios of 3.7 and 3.5, respectively (26). These findings suggest the

importance of STAT3 activity in PMM.

I demonstrated that STAT3 inhibition by Stattic induced significant cytotoxicity to PMM cells in
3D culture but not 2D culture. This finding is consistent to my previous finding that STAT3 is a
much more important therapeutic target in MM cell lines cultured in 3D (Figure 2.5C). In support
of this concept, some STAT3 inhibitors such as Icaritin and LLL12 have shown their ability to
inhibit the cell growth of STAT3-active PMM cells in conventional culture (27,28). However,
these studies did not account for the loss of cell viability and STAT3 activity during STAT3
inhibitor treatment, which may lead to underestimation of the potency of STAT3 inhibition in vivo.
My study highlighted the dependence on STAT3 activity for PMM cells in the context of 3D
environment, providing insight on targeting STAT3 and microenvironment as a promising strategy

for treatment of MM.

In conclusion, this chapter provides an insight on the superiority of 3D culture in supporting the
growth of PMM cells. In addition, I demonstrated that 3D cultured PMM cells are dependent on
PMM STAT3 activity for superior cell viability compared to conventional culture. Prolonged
longevity of PMM cells in 3D allowed long-termed gene manipulations and/or drug treatment for

studying MM in a more realistic manner.
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CHAPTER 4

Conjugation of Anti-CD38 on polymers carrying STAT3
inhibitor as a therapy for multiple myeloma

A modified version of this chapter is in preparation for publication as “Huang, YH; Vakili, M.R.; Molavi,
O.; Morrissey, Y.; Wu, CS.; Paiva, I.; Soleimani, A.H.; Lavasanifar, A.; Lai, R. Conjugation of Anti-CD38
on polymers carrying STAT3 inhibitor exhibited improved in vitro and in vivo anti-myeloma efficacy.” 1
wrote the manuscript and conducted all the experiments. RL, OM and AL edited the manuscript. RL, AL,
OM, MV and I designed experiments. MV synthesized the nanoparticles. OM, YM and I purified the CD38
antibody. IP and AS provided assistance with animal imaging. CW and MV provided assistance with in
Vitro experiments.
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4.1. Introduction

Nanoparticles have been used as a drug delivery system which can encapsulate hydrophobic
therapeutic compounds. In addition, nanoparticle-encapsulated drugs significantly increase the
size, preventing leakage from capillary vessels into normal tissues and hence increasing
accumulation at the tumor site. Nanoparticles conjugated with a tumor-specific antibody (ACNs)
further increased their targeting ability and reduced toxicity to normal cells (1). For example,
different forms of nanoparticles conjugated with anti-human epidermal receptor-2 (HER2) have
been developed for HER2-positive breast cancer cells (2-5). It has been reported that ACNs
resulted in superior cellular uptake and cytotoxicity in vitro as well as more tumor suppression in
vivo compared to the unconjugated counterparts (5—10). ACNs can be used to target drug resistance
cancer cells which overexpress drug efflux pumps (e.g. p-glycoprotein) on the cell membrane
(6,11). ACNs are capable of targeting molecules which involve in the process of cancer
development such as vascular endothelial growth factor receptor (VEGFR) for tumor angiogenesis
(10) and matrix metalloproteinases (MMP) for tumor invasion (12). Moreover, ACNs can cross
through the blood-brain barrier via receptor-mediated endocytosis to reach tumor cells in the brain
(13). Due to these advantages, the studies on different formulations of ACNs have increased

dramatically in the past decade.

Multiple myeloma (MM) is a hematological disease which is incurable because it always relapses
and becomes refractory to chemotherapy. Signal transducer and activator of transcription 3
(STAT?3) is found to be active in more than 50% of MM patients and is associated with resistance
to bortezomib, thalidomide and dexamethasone (14—17). Due to the great oncogenic potential of

STAT3 in MM, its inhibition was postulated as a therapeutic strategy. Many STAT3 inhibitors
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have been reported to induce apoptosis in various STAT3-active cancer cells such as Stattic, S31-
201 and S31-1757 (18-20). However, their non-specific distribution (in normal tissues and tumor)
and high hydrophobicity result in off-target toxicity and poor therapeutic efficacy in patients. For
example, a clinical trial of OPB-31121, an orally available STAT3 inhibitor reported more than
80% of patients experienced nausea or diarrhea and no partial response was seen in any patient
(21). A previously published nanoparticular formulations by Lavasanifar Lab based on
poly(ethylene oxide)-block-poly(a-benzyl carboxylate-e-caprolactone) (PEO-b-PBCL) of a
STATS3 inhibitor, S31-1757 (denoted as Null-S3I-NP) have shown potential to address the
shortcomings of free S31-1757. Null-S3I-NP has been shown to substantially increase the size and
water solubility of S31-1757 (22). Moreover, Null-S3I-NP exhibited better tumor suppression and

survival in animals with subcutaneously xenografted melanoma tumors (22).

ACNs have been evaluated in a variety of solid cancer models but are less explored in
hematological cancer models. For diseases like MM with great cell heterogeneity and complex
interactions with stromal cells, MM cell-specific targeting and drug delivery are highly
demanding. In this study, my colleague Dr. Mohammad Vakili conjugated a monoclonal antibody
against human CD38 (a surface marker highly expressed in MM cells) on the surface of Null-S31-
NP, namely CD38-S3I-NP, to enhance the MM-targeting ability. I hypothesized CD38-S3I-NP to
show improved MM cellular uptake, in vitro cytotoxicity and in vivo efficacy compared to Null-
S3I-NP due to its higher specificity against MM cells. The validity of this hypothesis was tested
as reported in this manuscript in a series of in vitro and in vivo studies. For in vitro studies, I used
two MM cell lines stimulated with interleukin-6 (IL6) to activate their STAT3. For in vivo study,

I xenografted MM tumor in severe combined immunodeficient (SCID) mice by tail vein injection
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of U266 cells stably expressing luciferase gene (U266-luc). This study also shed light on the
possibility of customizing a nanoparticle formulation to improve the anti-cancer activity of

encapsulated therapeutics in hematological cancer therapy.

4.2 Materials and Methods

4.2.1. Materials and cell culture

S31-1757 (white powder with molecular weight of 521.6 g/mol, soluble in DMSO) was obtained
from Glixx Laboratories (Southborough, MA, USA). Methoxy-PEO (average molecular weight of
5000 g/mol), diisopropylamine (99%), benzyl chloroformate (tech 95%), sodium (in kerosin),
butyllithium (Bu-Li) in hexane (2.5 M solution), palladium-coated charcoal, pyrene and
Cremophor® EL were purchased from Sigma Aldrich (St. Louis, MO, USA). a-benzyl carboxylate
g-caprolactone was prepared by Alberta Research Chemicals Inc (ARCI). Stannous octoate was
purchased from MP Biomedicals Inc., Germany. All other chemicals were reagent grade. U266
and SupM2 cells were purchased from ATCC. RPMI8226 cells are a gift from Dr. Linda Pilarski.
The cells were cultured in RPMI 1460 medium with L-glutamine (Life Technology), 10% FBS
(Life technology) and, 100U/ml penicillin/streptomycin (Sigma Aldrich). All cells were incubated

at 37°C supplied with 5% atmospheric COx.

4.2.2. Purification of anti-CD38 antibody

The hybridoma cells (TBH-7) producing humanized anti-CD38 were cultured in RPMI1460
medium supplied with 10% fetal bovine serum. When the cells were confluent, they were
transferred to RPMI1460 medium with 10% ultra low IgG fetal bovine serum (Gibco). The cell

supernatant was collected after 48 hours. 150 ml of supernatant was concentrated to 5 ml using
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Amicon Ultra-15 Centrifugal Filter Unit (Millipore). The concentrated supernatant was incubated
in NAb™ Protein A/G Spin Column (ThermoFisher) for 10 minutes. The bound antibody was
eluted out using the elution buffer (ThermoFisher). The concentration of purified anti-CD38 was
measured by NanoDrop™ 1000 Spectrophotometer (ThermoFisher). The purified anti-CD38 was

dialysed in sterile PBS overnight prior to nanoparticle conjugation.

4.2.3. Preparation of nanoparticles

Poly-(ethylene oxide)-block-poly-(a-benzyl carboxylate e-caprolactone) (PEO-b-PBCL) was
synthesized using the method previously described (23). In brief, a-benzyl carboxylate e-
caprolactone was mixed with methoxy-poly-(ethylene oxide) at 1:1.12 weight ratio with trace
amount of stannous octoate. The reaction mixture was incubated for 4 hours at 140°C in the
vacuum oven and stopped by cooling the reaction at room temperature overnight. Null-NP was
prepared from PEO-b-PBCL block copolymers as previously described (22). In brief, 20 mg of
block copolymer was dissolved in tetrahydrofuran was mixed with 2 mg S31-1757 dissolved in
DMSO. The mixture was incubated at room temperature with stirring overnight. The excess S31-
1757 was removed by centrifugation. For anti-CD38 conjugation, anti-CD38 was mixed with 2-
imidothiolane at room temperature, at pH 8.0 to synthesize thiolated anti-CD38. The maleimide
PEO-b-PBCL was prepared by following a previously established protocol (24). Micellized
maleimide PEO-b-PBCL was mixed with thiolated anti-CD38. The anti-CD38 conjugated
nanoparticles were mixed with Null-S3I-NP in water to form CD38-S3I-NP through post-insertion
method. The size and polydispersity index of Null-S3I-NP and CD38-S3I-NP were measured by
Zetasizer Nano®. The S31-1757 concentrations in CD38-S31-NP and Null-S3I-NP were measured

by high-performance liquid chromatography (HPLC) using a previously established protocol (22).
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For the synthesis of Cy5.5-conugated nanoparticle, a previously described protocol was followed
(25). Empty nanoparticles with and without anti-CD38 were synthesized as the no drug loading

controls for the in vitro cell viability assay.

4.2.4. In vitro release assay

In vitro release assay was carried out as previously described (22). In brief, 1 ml of CD38-S3I-NP
or Null-S3I-NP was put in a semi-permeable dialysis bag (molecular weight cutoff: 12,000-14,000
kDa). The bag was placed in sterile PBS and incubated in a shaking water bath at 37°C. A 50 pl
aliquot from the dialysis bag was collected at various time points for S31-1757 concentration
measurement by HPLC analysis. To maintain the total volume, 50 pul of PBS was added back to

the dialysis bag after aliquot collection.

4.2.5. Cellular uptake assay

Nanoparticles conjugated with Cy5.5 (amount equivalent to 0.2 ng Cy5.5) was added to 1.0x10°
U266, RPMI8226 and SupM2 cells and cultured at 37°C in dark for 4 hours. Cells were wash with
sterile PBS twice and subject to flow cytometry (BD FACSCantoll) analysis using the Per-Cy5.5-

APC fluorescence channel.

4.2.6. In vitro cell viability assay

Cell proliferation was assessed by CellTiter 96® AQueous one solution cell proliferation MTS
assay (Promega). Approximately 2.5x10* U266 or RPMI8226 cells were seeded in each well of a
96-well plate and treated for 24 or 48 hours. 20 pl 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) was added to each well. The
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absorbance of light at 490 nm was measured by FLUOstar OPTIMA microplate reader (BMG
Labtech). The ICso values were calculated by Graph Prism 7 from the cell viability versus

logarithm of concentration curve.

4.2.7. Western blot analysis

Total cell lysates were prepared and lysed with 1X RIPA buffer (10X stock solution from
Millipore) with protease inhibitor and phosphatase inhibitor cocktails (Millipore) on ice for 30
minutes. Protein concentrations were measured Pierce™ BCA Protein Assay Kit (Thermo
Scientific). Cell lysates treated with SDS were subject to SDS-PAGE and transferred onto a
nitrocellulose membrane. The membrane was probed with anti-pSTAT3 (Y705) (1:2000, CST,
#9145), anti-STAT3 (1:1000, CST#124H6), and anti-B-actin (1:1000, CST, #58169) diluted in 5%
BSA in TBS-Tween20 (0.05%, v/v). These antibodies were probed with HRP-conjugated anti-
mouse (1:2000, CST, #7076) and anti-rabbit (1:2000, CST, #7074). The membrane was washed
three times with TBST after secondary antibody treatment. The bands on membrane were
developed with Pierce™ ECL western blotting substrate (Thermo Scientific) and exposed to X-

ray films (Fuji).

4.2.8. In vivo studies using MM xenograft

The experimental protocols for all in vivo studies in this manuscript were approved by Animal
Care and Use Committees, University of Alberta (#AUP00000282). Half of a million U266 cells
stably expressing luciferase gene (U266-luc) was injected in SCID mice (Jackson, strain NOD.Cg-
Prkdcscid I12rgtm1Wjl/SzJ) intravenously. Twelve days after injection, 100 pul of Null-S31-NP or

CD38-S3I-NP colloidal dispersions in dextrose 5 % was injected to the mice intravenously via tail
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vein for two consecutive days at a dose of 3 mg/kg per day. The tumor size was measured by
quantifying the total flux of bioluminescence signals detectable (radiance ranged between 4.00 x
10° and 1.00 x 107 p/sec/cm?/scr) on the ventral side of each animal at various time points using
Living Image Software (PerkinElmer). At the endpoint defined by the score sheet (Appendix), the
animals were euthanized and the bone marrow cells within the femur were collected and split into
two portions. One portion was stored at -80°C as cell pellets for Western blot analysis and another

was stored in 4% paraformaldehyde at 4°C for immunocytochemistry.

4.2.9. Immunocytochemistry

Mouse bone marrow cells in 4% paraformaldehyde (Sigma) was pelleted and resuspended in liquid
histogel (Thermo Scientific) and transferred to a 15x15 mm? plastic mold (Leica). Upon solidified,
the cell-histogel was subject to processing and embedding. The cell blocks were sectioned in 5-
um slides. Slides were rehydrated in xylene and decreasing concentrations of ethanol. The antigens
were retrieved using 1X citrate buffer (Sigma) by microwaving in a pressure cooker for 20 minutes.
The pSTATS3 antibody (Santa Cruz, clone B-7) was diluted as 1:50 in antibody diluent (DAKO).
MACH2 mouse HRP polymer (Biocare Medical) was used as a secondary antibody. The
chromogen and substrate were mixed and applied to each slide for 2 minutes for color development

(DAKO).

4.3. Results
4.3.1. Synthesis and characterization of CD38-S3I-NP
To generate CD38-S3I-NP, monoclonal anti-CD38 antibodies were conjugated to the hydrophilic

portion of PEO-b-PBCL. As illustrated in Figure 4.1A, anti-CD38 was first thiolated at the lysine
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residues located on the constant portion of the heavy chain of the antibody. Thiolated anti-CD38
was then reacted with maleimide-functionalized PEO-b-PBCL, such that antibodies are attached
to the surface of polymers. Lastly, CD38-conjugated polymers were mixed with NP loaded with

S31-1757 (i.e. Null-S3I-NP), to generate CD38-S3I-NP.

I then determined if the anti-CD38 conjugation had altered the physical and pharmacologic
properties of Null-S3I-NP, as outlined in Table 2.1, the average size of CD38-S3I-NP was
91.4+9.4 nm, which is not significantly different from that of Null-S3I-NP (97.4+5.2 nm) (p=0.39).
The polydispersity index was significantly higher in CD38-S3I-NP compared to that of Null-S31-
NP (0.367+£0.016 versus 0.273+0.003, p<0.001). Thus, CD38-S3I-NP was significantly less
uniform in size compared to Null-S31-NP, suggesting that CD38-S3I-NP may be more prone to
dissociation in-vivo. Similarly, there is no significant difference in drug encapsulation efficiency
between CD38-S3I-NP and Null-S3I-NP (81.6+7.2% versus 87.0+£9.2%, p=0.469) as well as drug
loading (14.7+1.3% versus 15.7+1.7%, p=0.469). To assess the stability of CD38-S3I-NP in
encapsulating S31-1757 compared to Null-S3I-NP, I measured the amount of S31-1757 released
from CD38-S31-NP or Null-S3I-NP over time. As shown in Figure 4.1B, significantly more S3I-
1757 was released from CD38-S3I-NP than that from Null-S3I-NP after 1, 2 and 4 hours of
incubation (p<0.001, p<0.001 and p=0.002, respectively). Nevertheless, both formulations reached

a comparable amount of S31-1757 release (~68%, p=0.593) at 24 hours.

Table 4.1. Physical properties of Null-S3I-NP and CD38-S31-NP

Nanoparticle Average size Polydispersity Drug Drug loading

formulation (nm) Index encapsulation (weight %)
efficiency (%)

S3I-NP 97.4+52 0.273 £0.003 87.0+9.2% 157+ 1.7%

CD38-S31-NP 91.4+£94*  0.367+0.016% 81.6x7.2% 14.7+1.3%

*p<0.05, compared to Null-S3I-NP
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Figure 4.1. Synthesis and characterization of CD38-S3I-NP. (A) Chemical reactions of anti-
CD38 conjugation to nanoparticular formulation PEO-b-PBCL. The final product was mixed with
Null-S31I-NP to generate CD38-S3I-NP. (B) Release of S31-1757 from Null-S31-NP or CD38-S31-
NP in vitro. The percentage of S31-1757 released was calculated by the lost amount of S31-1757
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compared to the initial total amount of S31-1757. The error bar represents standard deviation from

a triplicate experiment, *p<0.05, Student’s t-test.

4.3.2. Anti-CD38 conjugation improves cellular uptake of nanoparticles by MM cells

I then determined if the conjugation of anti-CD38 to NP can significantly improve the uptake of
NP by MM cells. To facilitate the detection and quantification of NP in vitro, Dr. Mohammad
Vakili helped me synthesize Cy5.5 (a fluorophore)-conjugated NP with or without anti-CD38
coating (denoted as Cy5.5-CD38-NP and Cy5.5-Null-NP, respectively). NP used in these
experiments was not loaded with the STAT3 inhibitor to avoid drug-induced cytotoxicity, which
can potentially falsely elevate the level of NP uptake. Two MM cell lines (U266 and RPMI8226)
were used. SupM?2, an ALK-positive anaplastic large cell lymphoma cell line, was used as a
negative control. The CD38 expression in the two MM cell lines and the absence of CD38
expression in SupM?2 are illustrated in Figure 4.2A and 4.2B. As shown in Figure 4.3, both MM
cell lines incubated with Cy5.5-CD38-NP for 4 hours exhibited a significantly higher level of
intracellular Cy5.5 level compared to cells incubated with Cy5.5-Null-NP. Specifically, in U266
cells, Cy5.5-CD38-NP treatment yielded 43.2+0.1% CyS5.5-positive cells whereas Cy5.5-Null-NP
treatment resulted in only 0.4+0.1% Cy5.5-positive cells (p<0.001). Similarly, in RMMI8226 cells,
Cy5.5-CD38-NP yielded significantly higher Cy5.5-positive cells than Cy5.5-Null-NP treatment
(76.7£1.1% versus 1.2+0.1%)(p<0.001). Compared to the background (i.e. no treatment), Cy5.5-
CD38-NP only minimally increased the proportion of CyS5.5-positive cells in SupM2 cells

(9.2+0.3%).

4.3.3. CD38-S3I-NP is more cytotoxic to MM cells with STAT3-inhibiting ability compared

to Null-S3I-NP
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Figure 4.2. MM cell lines express high levels of CD38. Protein expression levels of CD38
measured by (A) Western blot analysis and (B) flow cytometry analysis in two MM cell lines
(U266 and RPM18226) and one non-MM cell line (SupM2). The gating of CD38 positivity in flow
cytometry analysis was based on the unstained MM cells. B-actin was measured as a loading

control for Western blot analysis.

I next assessed the cytotoxicity of CD38-S31-NP compared to Null-S3I-NP in two MM cell lines
(U266 and RPMI8226) using MTS assay. In these experiments, I added exogenous IL6 (2 ng/ml)
to the cell culture to enhance STAT3 activity in the two MM cell lines. As shown in Figure 4.4A,
in RPMI8226 cells, CD38-S3I-NP led to significantly lower cell viability compared to Null-S31-
NP at 50 uM at 48 hours (p=0.001). In U266 cells, significantly lower cell viability of CD38-S31-

NP was seen at 100 uM compared to Null-S3I-NP (p=0.007). In contrast, while there was a
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Figure 4.3. Anti-CD38-conjugated NP exhibits improved cellular uptake of S31-1757 by MM
cells. Flow cytometry analysis of Cy5.5-positive cell population 4 hours after treatment of CyS5.5-
Null-NP or Cy5.5-CD38-NP. Cy5.5 was attached at the core of nanoparticles as illustrated in the
top panel. The gated area was defined using the cells without any drug treatment. The
representative dot plot from a triplicate experiment was shown. The error values represent standard
deviation from the triplicate experiment. A non-MM cell line, SupM2 was included for comparison.
The fold change in cell uptake was calculated by dividing the percentage of Cy5.5-positive cells
with Cy5.5-CD38-NP treatment by that with Cy5.5-Null-NP treatment. The error bar represents

standard deviation from a triplicate experiment, *p<0.05, Student’s t-test.
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significant reduction in the cell viability of SupM2 (approximately 50% at 100 uM, 48 hours) with
either CD38-S3I-NP or Null-S3I-NP, there was no significant difference between the two
formulations. As a comparison, we treated these cell lines with Null-NP and free CD38 antibodies.
As shown in Figure 4.4A, this treatment resulted in a significant reduction in cell viability in all
of these three cell lines, although the effect was not significantly different from Null-S3I-NP. The
inhibitory concentration at 50% (ICso) values generated from these experiments are summarized

in Table 4.2.

In the same experiments, we also directly assessed the inhibitory effects of CD38-S3I-NP and
Null-S3I-NP on STAT3 phosphorylation at residue Y705 (i.e. pSTAT3). Using Western blot
analysis, we found that pSTAT3 induced by IL6 at 2 ng/ml was substantially decreased by Null-

S3I-NP and CD38-S3I-NP at 24 hours (Figure 4.4B).

4.3.4. CD38-S3I-NP poses superior tumor-suppressive activity in vivo

To further elucidate if CD38-S3I-NP has therapeutic advantages over Null-S3I-NP, I employed a
SCID mouse xenograft model. As detailed in section 4.2., I xenografted U266 cells stably
expressing a luciferase expression construct (U266-luc) in SCID mice, such that the growth of
tumors can be easily tracked ex-vivo using bioluminescence imaging. When the tumors became
detectable, Null-S3I-NP or CD38-S3I-NP was injected intravenously. At 15 days after the
injection of nanoparticular formulations, 4/4 animals in the Null-S3I-NP group reached the
endpoints as defined in Appendix, while 1/4 animals in the CD38-S3I-NP group did not. Statistical
analysis reveals a trend for a longer survival for the CD38-S3I-NP group, although the difference

between the two groups does not reach statistical significance (p=0.079, Mantel-Cox test), most
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likely due to the small sample size. As a control, both mice treated with PBS reached the endpoints

on day 12.
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Figure 4.4. CD38-S3I-NP induces cytotoxicity and inhibits STAT3 activity in MM cells. (A)
U266 and RPMI8226 cells were then treated with Null-S3I-NP or CD38-S31-NP with the presence
of IL6 (2 ng/ml) for 24 hours. Cell viability was measured using MTS cell viability assay in
triplicate, *p<0.05, Student’s t-test.
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Figure 4.4 (cont’d). CD38-S3I-NP induces cytotoxicity and inhibits STAT3 activity in MM
cells. (B) Western blot analysis of STAT3 and pSTAT3 levels in U266 and RPMI8226 cells treated
with Null-S3I-NP or CD38-S31-NP with the presence of IL6 (2 ng/ml) for 24 hours. B-actin was

blotted as a loading control.

Other than the time needed to reach the endpoints, I also directly assessed tumor growth in the two
study groups. Specifically, I summed up the levels of detectable bioluminescence (radiance ranged
between 4.00 x 10° and 1.00 x 107 p/sec/cm?/scr) by IVIS Spectrum In Vivo Imaging System.
Images of a representative animal from each of the CD38-S3I-NP, Null-S3I-NP and PBS group

are shown in Figure 4.5A. Animals in the CD38-S3I-NP group had a significantly lower tumor
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Table 4.2. I1C5, values of U266, RPMI8226 and SupM2 cells with different drug treatment

Cell line Treatment IC5y (pM)
24 hours 48 hours
Null-S3I-NP 136.7-163.6 115.4-148.6 ] ,,
U266 CD38-S3I-NP 127.7-151.3 106.3-114.0
Null-S3I-NP+Free Anti-CD38 143.5-172.4 128.6-139.4 [
Null-S3I-NP 110.9-124.5 } . 88.2-98.1 1,
RPMI8226 CD38-S3I-NP 100.4-109.8 64.0-73.6 ;
Null-S3I-NP+Free Anti-CD38 108.9-142.2 87.2-99.5 | i
Null-S3I-NP 88.8-105.6 110.4-144.8
SupM2 CD38-S3I-NP 86.0-98.9 83.16-119.4
Null-S3I-NP+Free Anti-CD38 90.1-110.0 106.9-134.9
*p<0.05

Range values represent 95% confidence intervals.

mass compared to the Null-S3I-NP group at 240 and 288 hours (p=0.018 and p=0.006,
respectively) (Figure 4.5A). Since I had only two animals in the PBS group and the statistical
significance cannot be determined, it is apparent that tumors grew substantially faster than those

in the CD38-S3I-NP group, and perhaps, the Null-S31-NP group.

I then assessed if the differences in tumor growth and survival between the CD38-S31-NP and
Null-S3I-NP groups correlates with a difference in STAT3 down-regulation. To achieve this goal,
I extracted bone marrow cells from specific bone fragments in which the involvement by MM was
confirmed by the expression of bioluminescence. The expression of pSTAT3 was then detected
using Western blot analysis and immunocytochemistry. As shown in Figure 4.5B, pSTAT3
immunocytochemistry was performed and I found that MM cells from the CD38-S3I-NP group

had no or barely detectable pSTAT3 signal, whereas MM cells from the Null-S3I-NP group had a
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Figure 4.5. CD38-S3I-NP is more tumor suppressive than Null-S3I-NP in MM xenograft. (A)
SCID mice intravenously injected with PBS (n=2), 3 mg/kg Null-S3I-NP (green line, n=4) or
CD38-S3I-NP (blue line, n=4) everyday for two days. Animal numbers other than the initial
numbers at different time points are indicated. The tumor size was quantified by the
bioluminescence intensity and normalized to the initial bioluminescence signal (i.e. 2 hours post-
injection). The representative bioluminescence images of animals treated with PBS, Null-S3I-NP
or CD38-S3I-NP were shown. *p<0.05, Student’s t-test. EU euthanized. (B) The pSTATS3 levels
in bone marrow mononuclear cells extracted from the SCID mice in (A) at the endpoint. A non-
tumorous brain tissue from a SCID mouse was used as a negative control. SupM?2 cells were used
as a positive control for pSTAT3. p-actin was blotted as a loading control. (C)
Immunocytochemical staining of pPSTAT3 and in bone marrow mononuclear cells from (B). Each
image represents bone marrow cells from one animal. The images were taken at a magnification

of 400X.

relatively strong pSTAT3 signal in most of the cells examined. This difference in pSTAT3

expression was confirmed by Western blot analysis (Figure 4.5C).

4.4. Discussion

Nanoparticle drug delivery systems are known to significantly improve the drug retention time in
the bloodstream and lead to drug accumulation at the tumor sites, by a mechanism known as the
enhanced retention and permeability effect (26). This is owed to the large size of nanoparticles
compared to the free drug which prevents leakage from normal blood vessels but not from the
relatively sparse vasculature within the tumor, resulting in passive accumulation of nanoparticles
to the tumor. It is believed that ACNs help further target tumor cells with specific surface markers.
Improved cell uptake of ACNs is believed to enhance the therapeutic efficacy in vitro and in vivo.

One study reported that conjugation of trastuzumab (a HER2 antibody) on doxorubicin-carrying
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iron oxide nanoparticles resulted in 5-fold more cellular uptake after 24 hours in HER2-positive
SK-BR-3 cells compared to HER2-negative MCF-7 cells (5). Correlated with this, it was found
that trastuzumab-conjugated nanoparticles induced three times more cell killing in SK-BR-3 cells
compared to MCF-7 cells after 24 hours. Moreover, it was found that conjugated nanoparticles
were substantially accumulated in the subcutaneous SK-BR-3 tumor after 24 hours, which led to
50% more tumor reduction compared to plain nanoparticles (5). Increased uptake of ACNs also
prevents the uptake by normal cells and reduced immune response against nanoparticles, leading
to less off-target effect and sequestering of nanoparticles by macrophage endocytosis in vivo.
Specifically, in a study, nanoparticles conjugated with HER2 antibody resulted in 82% less
macrophages cell uptake and 56% less tumor necrotic factor-alpha (TNFa), an inflammatory

cytokine, release by macrophages (27).

CD38 is a transmembrane enzyme as well as an internalizing epitope that is highly expressed in a
variety of hematological malignancies including MM and some subtypes of leukemia and non-
Hodgkin lymphoma (28-36). CD38 catalyzes the production of cyclic ADP ribose from NAD+,
an important stimulator for intracellular release of calcium from endoplasmic reticulum lumen into
the cytoplasm (37). The activity of CD38 is tightly associated with B cell migration, proliferation
and differentiation (38,39). Daratumumab is the first human CD38 antibody approved by Food
and Drug Administration for treatment of MM which triggers complement-dependent cytotoxicity
and antibody dependent cell-mediated cytotoxicity (40,41). Daratumumab can also induce
programmed cell death of MM cells independent of the immune system (42). Finally,
daratumumab blocks the enzymatic activity of CD38, resulting in the accumulation of toxic

substrate NAD+ which may be lethal to MM cells (43). I choose to take advantage of targeting
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ability of anti-CD38 for MM cells and conjugate it on the surface of Null-S3I-NP for enhanced

delivery of a STATS3 inhibitor.

To my knowledge, ACN formulations were rarely studied in hematological malignancies
compared to solid tumors. Lavasanifar Lab and Lai Lab have previously published a method where
anti-CD30 is conjugated to a commercially available liposomal doxorubicin (Doxil®) for treatment
of anaplastic large-cell lymphoma (44). The anti-CD30-conjugated Doxil® led to ~5-fold higher
cellular uptake and ~2-fold more cytotoxicity compared to non-conjugated Doxil® in SupM2 cells.
Moreover, anti-CD30-conjugated Doxil® resulted in significantly more reduction in tumor growth
in vivo compared to Doxil®. Recently, a study reported that anti-CD38 conjugated chitosan
nanoparticles carrying bortezomib exhibited a 2 to 3-fold increase in cell uptake by MM cells and
a ~50% more reduction of MM tumor growth compared to non-targeted nanoparticles (45).
However, this study reported that there was no significant difference in terms of in vitro cell
cytotoxicity and apoptosis regardless of anti-CD38 conjugation. This suggests that anti-CD38 does
improve the in vivo delivery of bortezomib to MM cells, but it does not resolve the bortezomib
resistance in MM cells, which is partially mediated by STAT3 activity (16). The majority of
previous studies on ACNs utilized conventional chemotherapeutics such as doxorubicin (5,44,46—
48), paclitaxel (49-54) and gemcitabine (7,10,55,56). To the best of my knowledge, this is the first
study that reports on the development of an anti-CD38 modified nanoparticle formulation for a
specific inhibitor of a transcription factor (i.e. STAT3) as means for actively targeted delivery to
MM cells. I demonstrated that conjugation of anti-CD38 resulted in increased cellular uptake and
in vitro cytotoxicity in MM cells. Using an MM xenograft model, I demonstrated that the presence

of CD38 antibody on nanoparticle was more effective in preventing the growth of MM tumor by
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inhibiting the STAT3 activity in vivo. Additionally, I demonstrated that both Null-S31-NP and
CD38-S3I-NP were capable of inhibiting the phosphorylation of STAT3 in vitro, which has not

been shown in the previous study (22).

Previous studies have reported the use of novel compounds like atovaquone, SC99 and LLL12 to
induce cell cytotoxicity in MM cell lines and tumor growth suppression in MM xenograft models
(57-59). However, these compounds are structurally hydrophobic and insoluble in the aquatic
environment, which poses a major challenge in drug administration to humans. Moreover, these
compounds were tested on subcutaneous MM tumors, where blood circulation and bone marrow
microenvironment were not considered. In my study, I have adopted an MM xenograft model
where MM cells are shown to be homing to the bone marrow cavity upon intravenous
administration. Using this model, which represents the in vivo location of MM tumors in human
more closely, I have demonstrated the better effect of CD38-S3I-NP containing a STAT3 inhibitor,

S31-1757, on suppressing the tumor growth in vivo compared to Null-S31-NP.

I noticed some differences between Null-S3I-NP and CD38-S3I-NP regarding their physical
properties including a higher PDI compared to Null-S3I-NP and a more rapid S31-1757 release.
Both of mentioned changes are expected following the post-insertion method of antibody
modification. Using this method, antibody modified block copolymers insert themselves in the
self-assembled nanoparticle structures resulting in nanoparticles with a broader size population.
This may also reduce the compaction of nanoparticle structure leading to more rapid release of
encapsulated drug from CD38-S3I-NP compared to Null-S3I-NPs. Hydrophobic interaction of

S31-1757 with anti-CD38 may partially be responsible for this observation as well. Despite CD38-
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S3I-NP released S31-1757 more rapidly compared to Null-S3I-NP, its more efficient cellular

uptake by MM cells resulted in better in vitro cytotoxicity and in vivo tumor suppression.

In this chapter, I reported a method to conjugate anti-CD38 on a nanoparticle formulation carrying

a STAT3 inhibitor for better MM cell-targeting. The anti-CD38 conjugation resulted in slight

reduction of nanoparticle stability while substantially increased cellular uptake specifically by MM

cells, which resulted in more cytotoxicity against MM cells and tumor-suppressive ability. This

study provided insight on possible improvement of anti-STAT3 agents for the treatment of

STAT3-dependent hematological cancers.
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5.1. Thesis summary

Despite the tremendous amount of MM research and significant therapeutic advances in MM, it is
still an incurable disease in most of cases. The challenge is largely due to the high relapse rate of
MM which are largely attributed to drug resistance. It has been shown that STAT3 transcriptional
activity is associated with resistance to thalidomide, bortezomib and dexamethasone (1-3). In
Chapter 2, [ demonstrated that the STAT3 activity of 2 MM cell lines (U266 and RPMI18226) is
more pronounced in a bone barrow-mimicking 3D culture model compared to conventional
culture. Additionally, STAT3 inhibition induced apoptosis and sensitivity to bortezomib in MM
cells in 3D culture but not in conventional culture. Consistent with these findings, I found that 3D
culture preserved PMM cell viability compared to conventional culture with higher STAT3
activity (Chapter 3). To make STAT3 inhibitor more clinically available, S31-1757-carrying
nanoparticles with conjugation of anti-CD38, CD38-S3I-NP, was prepared (Chapter 4). I found
that CD38-S3I-NP poses improved MM cell-targeting ability, in vitro cytotoxicity and in vivo
tumor suppression compared to nanoparticles with no anti-CD38 conjugation. All these findings
suggest that STAT3 is essential for MM cell survival under close-to-in vivo conditions, and STAT3

inhibitors in an active-targeting nanoparticle delivery system are a promising therapy for MM.

5.2. Scientific significance

The most important contribution of my work is that it redefines the importance of STAT3 activity
in MM. According to previous analysis on MM patients, it was found that STAT3 is active in
~50% of cases based on nuclear pSTAT3 staining (4). However, 1 observed that if the 3D
environment is present (i.e. in 3D culture or animal xenograft), even STAT3-inactive MM cells

became STAT3 active (Figure 2.3). Moreover, I observed that the STAT3 activity acquired from
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3D culture was lost if MM cells were transferred to conventional culture (Figure 2.4). This is
consistent with my observation that the pSTAT3 level in primary CD38" MM cells rapidly
decreased in conventional culture within 3 days (Figure 3.3). Collectively, this suggests that in
vivo microenvironment contributes to STAT3 activation in MM cells. Moreover, it implicates that
the importance of STAT3 activity in MM cells can be easily underestimated in conventional

culture.

My work in Chapter 2 explicitly compared the efficacy of Stattic in U266 and RPMI8226 cells
using a recently developed technique, CETSA (Figure 2.5A and 2.5B). Comparison drug
cytotoxicity between 3D and conventional cultures is technically challenging due to their
completely environments leading to different drug accessibility. This observation is supported by
the de la Puente et al’s finding that doxorubicin cell uptake is substantially lower in different
scaffold 3D culture models compared to conventional culture (5). Different drug accessibility
between 3D and conventional cultures was often overlooked when comparing the cytotoxicity of
chemotherapeutics, which can lead to different interpretation of results. For example, in another
study using Kirshner’s 3D model to test the cytotoxicity of a anti-CD56 conjugated maysantinoid,
it seemed that the ICso value is ~10 folds higher in 3D cultured MM cells compared to
conventionally cultured MM cells (6). However, if drug accessibility was considered (10~15 times
higher in conventional culture compared to 3D culture in my hands, Figure 2.5A and 2.5B), the

cytotoxicity effect will be comparable in the two culture systems.

In Chapter 2, I proposed a method by which the intact 3D matrix can be fixed and processed for

immunocytochemistry with preservation of cell interactions, distribution and organization (section
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2.2.3). Compared to the Matrigel®-based 3D culture used to study solid cancers, the Matrigel®
used in my study was diluted with fibronectin and collagen IV solutions, thus more fragile and
fluidic. Therefore, the immunohistochemical method proposed by which involves using histogel
to sandwich the Matrigel for further processing is not applicable in my case (7). The value of my
immunocytochemistry method is that it allows visualization of the interactions between MM cells
and different other cell types and ECM proteins. Since it is well known that the tumor
microenvironment significantly contributes to MM development, my method makes 3D culture an
excellent tool for studying MM tumor microenvironment and identification of novel diagnostic

markers or therapeutic targets in PMM cells.

My findings in Chapter 3 suggest that STAT3 activity is a key factor for PMM cell survival in
3D culture. PMM cells is difficult to maintain in conventional cell culture, even with the presence
of bone marrow stromal cells (BMSCs) and various cytokines and growth factors can only
minimally improve PMM cell viability (8). Additionally, MM cells are known to have a naturally
slow proliferation rate (9). As a result, many studies involved evaluating drug efficacy on PMM
cells were in a time span of less than 3 days, and no study has been done to change gene expression
in PMM cells, as summarized in Table 5.1. I found that STAT3 activity is correlated with PMM
cell viability in 3D culture by treatment of IL6 or Stattic (Figure 3.4 and 3.5). This implies that
the combining 3D culture with IL6 can make long-term culture of PMM possible, allowing long-
term follow-up of drug treatment or gene manipulations (overexpression, knockout and

knockdown).
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Table 5.1. Therapeutic efficacy studies using PMM cells
Markers Isolated MM cells? | Sample size Treatment Period Reference

CDI138" Yes 16 Daratumumab' 48hr (10)

+ lenalidomide

+ complement

CD138" Yes 4 Bortezomib + 48hr (11)

SGK? inhibitor
CD138" No 21 Daratumumab + 48hr (12)

lenalidomide +

IPH2102°

CD38°CD138" No 7 NF-kB inhibitor 48hr (13)
Not specified No 6 CAR-T* 4hr (14)
CD138" Yes 3 A1771726 48hr (15)
CD138" Yes 11 Daratumumab + 48hr (16)

lenalidomide or

bortezomib

CD38'CD45" No 13 Azacitidine® 72hr* (17)
CD38°CD138" No 7 SAR6509847 18hr (18)
CD138" Yes 22 2D7-DB® 24hr (19)
CD138" Yes 5 iNKT? 48hr (20)
CD138" Yes 1 MV-Wue!® 3.5 days* (1)
CD138" Yes 3 VPA! 48hr (22)

CD38 monoclonal antibody
SGK — serum and glucocorticoid kinase
IPH2102 — An antibody against NK cell inhibitory receptor
Chimeric antigen receptor T cells engineered with B cell maturation antigen
Dihydroorotate dehydrogenase inhibitor
DNA methyltransferase inhibitor
CD38 monoclonal antibody
Single-chain diabody against HLA-A
Invariant NK T cells
0. Measles virus with anti-CD138 fragment
1. Valproic acid — a histone deacetylase inhibitor
Overnight incubation + 48hr drug treatment
Cultured in 20% FBS with 4ng/ml IL6

HE =000 o LR W

Another important feature in this thesis is that I proposed a nanoparticle formulation for better

administration and delivery of STAT3 inhibitors with active MM cell-targeting ability, CD38-S31-
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NP (Chapter 4). Although it has been long known that STAT3 is an oncogenic protein in a variety
of cancer models, there is very few STAT3 inhibitors which have been tested in cancer patients,
and the clinical efficacy of them is very limited. For example, a completed Phase I clinical trial of
OPB-31121 reported that 2 of 18 patients with various cancer types showed tumor shrinkage, and
more than 70% of patients suffered from nausea, vomiting and diarrhea (23). I believe this low in
vivo efficacy is due to excess off-target toxicity in normal cells/tissues due to the fact that STAT3
inhibitor is non-specifically distributed to normal tissues and to tumor. Encapsulation of S31-1757
in my hand increased the size to ~90-100 nm (Table 4.1) to prevent leakage from capillary vessels.
The anti-CD38 on CD38-S3I-NP further increased its targeting ability against MM cells. This
concept was supported by the observations of improved cellular uptake and in vitro/in vivo efficacy

compared to Null-NP.

Many technical difficulties have been overcome in my work. First, the differential of drug
accessibility of MM cells cultured in conventional and 3D culture was overcome with CETSA.
Second, the immunocytochemistry of 3D cultured MM cells became possible with my novel
histogel-well method for embedding of fragile 3D matrix. This allows the visualization of detailed
cell-stroma interactions, which plays an essential role on drug resistance in MM. Third, the
protocol of double staining of CD38 and pSTAT3 for cytometry analysis of STAT3 activity in
PMM cells was established. Fourth, the conjugation of CD38 antibody with the correct orientation
(i.e. various region of anti-CD38 pointing out) on the surface of nanoparticles was achieved using
specific thiolation at the constant region of antibody. Finally, the intravenous xenograft of MM

was established using U266-luc, which allows a realistic evaluation of CD38-S3I-NP in vivo.
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5.3. Future directions

The 3D culture study in Chapter 2 could be more realistic if BMSCs were cultured together with
U266 or RPMI8226 cells. It is well known that BMSCs release IL6 after stimulation of TNFa
released by MM cells or direct cell-cell interaction with MM cells (reviewed in section 1.2.8.1.).
However, the BMSCs from MM patients have been shown to behave differently compared to those
from healthy donors (e.g. HS-5, a bone marrow stromal cell lines available at ATCC (24)). For
instance, it was found that BMSCs from MM patients showed a higher NF-xB transcriptional
activity compared to those from healthy donors (25). Alternatively, if MM BMSCs are used,
patient variability may result in low reproducibility of experimental data. In short, although
studying MM cell lines in 3D culture is more representative compared to conventional culture,

improvement is needed to mimic real MM microenvironment.

There two limitations regarding the choice of the two MM cell lines used in my study, U266 and
RPMI8226. One was that the identity of the U266 and RPMI8226 cells used in my study was not
confirmed using genotyping. Although highly unlikely, cross-contamination of these cells with
other cell lines can lead to different cell behavior in 3D culture. Additionally, inclusion of more
MM cell lines with variable chromosomal aberrations would further solidify my theory that
STATS3 activation in 3D is not limited to a subgroup of MM cells. Also, inclusion of MM drug-
resistant cell lines (e.g. MMI1.R and RPMI8226.R) in this study will provide more insight on

targeting STAT3 in patients with MM relapse.

Other than the known benefits of STAT3 on improving the survival, growth and drug resistance

of MM cells, the function of STAT3 on lipid metabolism in MM is not well investigated. Based
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on the oligonucleotide array result that I obtained (Figure 2.7A), the most upregulated gene in 3D
culture, LPL, is responsible for lipid breakdown into glycerol and free fatty acids. It is likely that
MM cells use lipid present in the 3D matrix as an additional energy source for cell survival and
growth in 3D. This is advantageous to MM cells because cancer cells preferably generate energy
via aerobic glycolysis (aka. Warburg effect), which is highly ineffective. It will be interesting to

study how STAT3 contributes to the usage of lipid in 3D-cultured MM cells as a future direction.

Although I saw an overall STAT3 upregulation of PMM cells from patients, some variability of
cell growth patterns was all observed as shown in Figure 3.1B and 3.1C. This is likely due to that
the PMM cells were from consecutive MM patients with different clinical characteristics. Given
sufficient number of sample sizes, it will be helpful to stratify patients based on their
responsiveness to common MM therapeutics such as bortezomib, thalidomide or lenalidomide.
Based on the importance of STAT3 on drug resistance (1-3), I believe that the refractory PMM
cells better preserve STAT3 activity in 3D culture compared to drug sensitive PMM cells. Studying
the role of STAT3 in relapse and refractory MM may provide a strategy to improve current anti-

MM regimens.

Ultimately, the functionality of STAT3 inhibitor determines how well it blocks STAT3 and
essentially eliminate MM cells. The two STAT3 inhibitors used in my study were both SH2
domain inhibitors which prevents STAT3 phosphorylation, but not necessarily DNA-binding
ability and transcriptional activity. It has been shown that unphosphorylated STAT3 can be
transcriptional active (26,27). Furthermore, it is recognized that there are two alternative splicing

isoforms of STAT3, a and B, serving opposite functions in cancers (28). The oncogenic isoform
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STAT3a contains a transactivation domain containing S727 residue, which distinguishes it from

STAT3p. Therefore, I believe that using a STAT3 inhibitors which targets the transactivation

domain of STAT3a, especially the LPMSP motif, will improve their anti-MM effect in 3D culture

as well as MM xenograft.
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APPENDIX

HEALTH SCIENCES LABORATORY ANIMAL SERVICES
SOP: MONITORING HEALTH STATUS IN THE MOUSE
Effective Date: January 2014

Purpose

Establish the mouse cage environment and visual health indicators that when observed require staff
to undock a cage and then evaluate and measure additional health indicators.

Establish the health indicators that are evaluated and measured in the mouse to objectively determine
the intervention points and the humane endpoints.

Observation Procedures

Observe the mouse cage environment

Food and water consumption is normal for the number of animals in the cage; abnormal is lack of or
excessive consumption of food or water.

Cage bottom and bedding is normal dryness; normal is less than 1/3 of the cage bottom is wet when
viewed from underneath and no condensation is visible on the sides of the cage; abnormal is either
greater than 1/3 of the cage bottom is wet or any condensation present on the sides of the cage.
Cages normally do not contain blood, pus, diarrhea or other exudate; abnormal is if any of these are
present.

If the cage environment is normal, proceed to step Il. 2.
If an abnormality in the cage environment is observed, proceed to step Ill.

2.
a.

b.

C.

d.

Observe the visual health indicators for mice

Responsiveness: normal is bright, alert and responsive; abnormal is lethargic or
moribund/nonresponsive.

Mouse posture: normal is with back extended and moves freely; abnormal posture is a hunched or
arched back.

Hair coat appearance: normal is smooth, groomed and glossy hair coat; abnormal hair coat is rough,
un-groomed and dull appearing, and can appear dry or with pilo-erection present.

Respiration rate and effort: normal rate of <170 breaths/minute and only able to detect minor chest
movement.

If the visual health indicators are normal, proceed to observe the next cage of mice.
If an abnormal visual health indicator is present, proceed to step Ill.

Evaluation and Measurement Procedure

For mouse cage environment abnormalities, visually evaluate each mouse to determine which animals
demonstrate abnormal health indicators and then proceed to the step Ill. 2. for these mice only. If it
cannot be determined which animal(s) demonstrate an abnormal health indicators, each mouse in the
cage should be individually evaluated and measured for steps Ill. 2., IIl. 3., 11l 4.

Evaluate responsiveness of the mouse—follow scoring sheet for recording and intervention points and
endpoints.

Evaluate body condition or measure body weight—follow scoring sheet for recording and intervention
points and endpoints.

Evaluate respiration rate and effort—follow scoring sheet for recording and intervention points and
endpoints.
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Score Sheet for Monitoring Health Status in the Mouse Use one sheet per animal

Animal # Date

Researcher

Score Sheet

Date

Initial Body Weight -

Current Body Weight

% Body Weight Change

Body Weight Score

Responsiveness Score

Respiration Score

Tumor Score

mo|o|w|>

. Mobility Score

TOTAL SCORE (add A to E)

Use the score sheet guide to determine intervention points and endpoints. Animals are euthanized if the total score
is 3 or more. For animals with a total score of 1 or 2, they are scored daily with interventions as per the Animal Use
Protocol.
1. For initial body weight—if the initial body weight for an animal is not available, the average of normal
cage mates can be used, or the average for the strain can be used.

Score Sheet: Assigning Scores A-E

A. Body Weight Score
0-5% body weight loss = score of 0
6-12% body weight loss = score of 1
13-19% body weight loss = score of 2
20% or more body weight loss = score of 3 (requires euthanasia)

B. Responsiveness Score
Bright, alert and responsive = score of 0
Quiet and responds to movement = score of 1
Lethargic, does not respond to movement, responds to touch = score of 2
Moribund and nonresponsive = score of 3 (requires euthanasia)

C. Respiration Score
Normal rate (less than 170 breaths/minute) and effort = score of 0
Mild increase (170-200 breaths/minute) or increased effort visible on the chest = score of 1
Moderate elevation in rate (200-240/minute) or increased effort obvious on chest = score of 2
Severe; open mouth breathing or holding elbows out from chest = score of 3 (requires euthanasia)

D. Tumor Score
Noticeable size <0.5 cm, skin overlying growth is normal = score of 0
Small size 0.5 to 1.0 cm, or skin red/inflamed only over tumor = score of 1
Mid-size 1.0-1.4 cm size, or skin red/inflamed over and around tumor = score of 2
Large size 1.5 cm or larger, or skin opened/ulcerated over tumor = score of 3 (requires euthanasia)

E. Mobility Score
Normal movement and mobility = score of 0
Reduced and slow mobility, not visibly lame = score of 1
Lameness on 1 limb, weight bearing = score of 2
Non weight bearing or unable to use a limb = score of 3 (requires euthanasia)
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