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1. Abstract

Multiple myeloma (MM) is a haematological malignancy characterized by the
accumulation of tumour plasma cells in the bone marrow (BM).

The uncontrolled proliferation of terminally differentiated plasma cells is associated with
CRAB symptoms, including hypercalcemia, renal impairment, anemia, and osteolytic
bone lesions. The bidirectional interaction between MM cells and surrounding cells
regulates immune-editing, transforming the microenvironment into a tumor-promoting
and immune-suppressive milieu mediating tumor growth, progression, and cell adhesion
[2]

MM is preceded by an asymptomatic phase (monoclonal gammopathy of unknown
significance, MGUS) and (smoldering myeloma, SMM), which are characterized by
progressive accumulation of plasma cells, from less to more than 10% in the BM.

The survival of MM patients has improved with the introduction of proteasome inhibitors
(PT) and immunomodulatory drugs. However, MM remains incurable, and relapses and
disease progressions are common among MM patients (1).

Malignant cells can use altered pathways and mitochondrial functions, allowing them to
escape apoptosis (1). Mitochondria are both bioenergetic organelles and necessary
cellular stress sensors that contribute to the tumor microenvironment (2).

In addition to ATP production, these organelles also regulate cell death and processes
following the generation of reactive oxygen species (ROS) or redox molecules. It is well
showed that mitochondria could drive metabolic cancer cell reprogramming. In this
regard, the adaptative metabolic changes in MM cells are emerging as the basis for
proteasome inhibitor (PI) resistance. Indeed, increased expression of proteins involved in
redox and energy metabolism has been found in resistant cells to the first-in-class PI
bortezomib (3-5).

Cancer cells often display a metabolic adaptation to maintain high ATP levels, increasing
the efficiency of mitochondria. Furthermore, many malignant tumor cells can use
functional mitochondria depending on mitochondrial respiration (6). PI resistant
phenotype shows an increase in mitochondrial biomass and mitochondrial respiration (7).
Several aspects of mitochondrial bioenergetics, such as mitochondrial biogenesis and
mitochondrial fitness, support the ability to respond to stress, allowing survival under

adverse conditions such as chemotherapeutic treatments.



The aim of our study is to demonstrate that bortezomib resistance in MM cells is related
to mitochondrial energy metabolism and robust antioxidant defences. MM cell strength
is associated with a remarkably high mitochondrial activity in mitochondrial dynamism
and mitochondrial fitness, which may be a potential target for overcoming BTZ
resistance.

To test this hypothesis, we first looked at metabolic adaptation to bortezomib (BTZ)
exposure of neoplastic plasma cells, disclosing that MM cells have high mitochondrial
mass, which can be exchanged with the external microenvironment, and conveys

reshaping of both redox and energy metabolism.

Mitochondrial functions and energy metabolism are interconnected processes
mediating resistance to bortezomib in multiple myeloma cells

Our group has recently shown that the protective effect of heme oxygenase-1 (HO-1) on
drug-induced cytotoxicity in leukemic cells does not involve its enzymatic byproducts,
but rather its nuclear translocation following proteolytic cleavage (8).

Interestingly, nuclear HO-1 was implicated as a regulator of DNA repair activities
relevant to carcinogenesis (9) and tumor progression (10). HO-1 recruitment, which
involves the Toll-like receptor 4 (TLR4) signalling, could protect mitochondria during
BTZ-induced ER stress, confirming that this molecular machinery required for BTZ
resistance via mitochondria is triggered by a stress-responsive mechanism (Giallongo
2019).

Furthermore, it has been shown that the upregulation of HO-1 is involved in promoting
mitochondrial biogenesis, permitting intrinsic oxidative stress adaptation. Reactive
oxygen species (ROS) adaptation and mitochondrial biogenesis appeared to form a self-
amplifying feedback loop in chronic lymphocytic leukemia (CLL) (11). Therefore, both
TLR4 and HO-1 may represent targets for a more selective treatment in
relapsed/refractory patients.

Our data support the idea that BTZ resistance could not be associated with proteasome
activity. As proteasome inhibition activates the unfolded protein response (UPR) and ER
stress, regulating mitochondrial morphology (100), we evaluated whether BTZ resistance
in U266-R was mediated by increased values of different mitochondrial mass and

function parameters.



First, by exposure to progressively higher concentrations of BTZ, reaching strength to
higher doses of the drug (EC50 value:100 nM), we developed a BTZ-resistant cell line
(U266-R) to evaluate resistant clone characteristics, including their metabolic phenotype.
Data show that the BTZ was able to induce mitochondrial damage in BTZ-sensitive cell
line, while the resistant counterpart required a metabolic rewiring due to a higher
concentration of substrates for protein glycosylation (Giallongo, 2020 data in press).

Second, we evaluated mitochondrial fitness, and redox balance homeostasis capacity in
BTZ- sensitive and resistant cells. We found that in the BTZ-resistant clone (U266-R)
mitochondrial biogenesis was increased and mitochondrial dynamics was associated with
the acquisition of stronger antioxidant defences. Taken together, these findings have
suggested that mitochondrial fitness can induce BTZ resistance in MM cells, representing

a possible target for new drug development for BTZ-resistant patients.

TLR4 signalling affects mitochondrial fitness and overcomes bortezomib resistance in
myeloma plasma cells

It has been recently demonstrated that the TLR4 pathway provides a protective effect
against BTZ-induced ER stress, and pre-treatment of MM cells with the TLR4 trigger
lipopolysaccharide (LPS) significantly reduces BTZ-induced apoptosis (12). The
endoplasmic reticulum (ER) and mitochondria are in close contact, which impacts
mitochondrial division and fusion dynamics (13), influencing mitochondrial ATP
production and apoptosis (12). ER stress-induced apoptosis engages mitochondrial
depolarization, cytochrome c release, and its downstream caspase-9 activation.
Considering the relationship between PI, ER stress, and mitochondria, in the attempt to
elucidate the mechanisms underlying the mitochondria adaptation in response to BTZ
exposure, we explored the TLR4 signalling.

First, we found that BTZ treatment increased TLR4 expression as a stress-responsive
mechanism to protect mitochondria during BTZ-induced mitochondrial depolarization.
BTZ-resistant cells improved their bioenergetics, as shown by increase of ECP value and
mitochondrial mass, suggesting the cooperation between TLR4 /HO-1axis, the adenylate
system (AMP-activated kinases) and cellular redox homeostasis.

Second, we hypothesized that MM cells might activate TLR4 signalling after BTZ
exposure as a stress-responsive mechanism to protect mitochondria against BTZ-induced
apoptosis. Triggering TLR4 was disposable to increase mitochondrial mass in human

MM cell lines (HMCLs: U266, MM1.S, OPM2, NCI-H929) and induced up-regulation



of mitochondrial biogenesis markers (PGCla, PRC, and TFAM). After treatment with
BTZ for 24h, all HMCLs over-expressed TLR4 signalling, as shown by the consensual
up-regulation of MyD88 and MAPK activation. Compared to BTZ-sensitive cells, U266-
R had higher levels of TLR4, p-p38, and p-ERK proteins and higher mitochondrial mass.
The genetic ablation or selective pharmacological TLR4 inhibition induced cell
apoptosis, resulting from the deleterious effects of oxidative stress combined to
mitochondrial depolarization, a dramatic drop in mitochondrial respiration, decrease in
ATP production, consequent accumulation of AMP and a decreased NAD+/NADH and
NADP+/NADPH ratio, and mitophagy (selective autophagy of damaged mitochondria).
Third, clinically relevant, to design more efficient treatments for bortezomib-refractory
MM patients, the combination of bortezomib and TLR4 inhibitor was selectively
cytotoxic for CD138+ plasma cells, preserving healthy cells.

Thus, since TLR4 regulates mitochondrial biogenesis and BTZ-resistant cells rely on
mitochondrial fitness, a link among TLR4 up-regulation and PI resistance could exist. In
conclusion, TLR4 triggering is a potential mechanism of chemotherapy resistance by
controlling mitochondrial fitness, and its inhibition could be successful in MM patients

to overcome PI resistance.
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2. Background

2.1 Overcome bortezomib resistance in multiple myeloma: an unmet clinical need
Multiple myeloma (MM) is a hematological malignancy characterized by the
accumulation of tumor plasma cells in the bone marrow (BM). MM is the second common
hematological malignancy after non-Hodgkin Lymphoma.

The estimated worldwide 5-year prevalence is approximately 230,000 patients, while the
age-standardized incidence is approximately 5 cases per 100,000 with a median age of
66—70 years (14).

The incidence around the world varies and is highest in more- developed countries, such
as the United States and western Europe. Indeed, the higher incidence in these countries
is probably associated with better diagnostic techniques and greater clinical knowing of
the disease.

MM clinical manifestations are driven by plasma cells infiltration in the bone marrow,
organ damage mediated by monoclonal protein, and microenvironment reshaping
induced by cytokines secreted by the malignant cells. They include a complex array of
clinical manifestations, including end-organ damage, such as hypercalcemia, renal
insufficiency, anemia, and bone disease with lytic lesions or pathological fractures, which
are collectively known as CRAB (15). The malignant plasma cells are primarily resident
in the bone marrow. Moreover, they can also be seen in the peripheral blood and other
extramedullary sites, such as soft tissue and organs, especially late in the disease course
(16).

MM consists of a spectrum of clinical variants ranging from asymptomatic monoclonal
gammopathy of uncertain significance (MGUS) and smoldering MM, to more aggressive,
symptomatic cased of active MM and disseminated forms plasma cell leukaemia.

The diagnosis of MM requires the presence of 10% or more plasma cells as detected by
bone marrow examination or a biopsy-proven plasmacytoma plus one or more myeloma
defining events (hypercalcemia, renal insufficiency, anemia, and bone disease with lytic
lesions or pathological fractures). In 2014, the International Myeloma Working Group
(IMWG) updated the diagnostic criteria, making more stringent the definition of MM-
related events requiring treatment start. The primary revision was to add three highly
specific biomarkers (clonal bone marrow plasma cells >60%, serum FLC ratio >100, >1
focal lesion on MRI) to existing markers of end-organ damage (hypercalcemia, renal

insufficiency, anemia, or bone lesions) that were used to diagnose the disease (17).
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In the last years, the use of genomic techniques has led to a better comprehension of the
genetic of multiple myeloma, both at a chromosomic level and a single gene level,
showing towards multiple myeloma not being a single disease. The MM intra-clonal
heterogeneity is a common feature of the malignancy carrying a genetic variability at the
level of a myeloma propagation cell and drug resistance. Several mechanisms play a role
in the multifactorial etiology of MM, including oxidative stress, genetic mutations, and
metabolic changes (55). This heterogeneity adds an extra layer of complexity to myeloma
progression, carrying on mutation in different pathways collaborated to deregulate PCs'
intrinsic biology (56).

Nowadays, it is widely recognised that MM is biologically and clinically heterogeneous,
with several genetic alterations having a role in disease development. Genome-wide
association (GWAS) studies have improved the comprehension of MM predisposition
identifying some genetic loci that could be associated with an increased risk of multiple
myeloma.

One of the largest GWAS to date identifies eight new loci associated with the risk of
Multiple Myeloma, such as single-nucleotide polymorphisms (SNPs) that could be
associated with clinical status or the development of drug-related toxicity or with multiple
myeloma progression. Another study shows two loci associated with an inferior survival
(such as 6p25 and 16p13) in patients (26-29).

Besides, a new GWAS meta-analysis evaluate two novel loci located at 9p24.3 and
9p13.1 which could contribute to MM risk (30). Thus, there are different loci could be
associated with Multiple Myeloma risk such as 6p22.3 (rs34229995), 6q21 (rs9372120),
7q36.1 (rs7781265), 8q24.21 (rs1948915,), 9p21.3 (rs2811710), 10p12.1 (rs2790457),
16923.1 (rs7193541) and 20q13.13 (rs6066835), which localize in or near to JARID2,
ATGS, SMARCD3, CCATI1, CDKN2A, WAC, RFWD3 and PREXI1. These findings
support the polygenic model of MM (31). Unfortunately, despite MGUS/SMM patients
with specific genetic and epigenetic aberrations have a higher probability of progressing
to active MM, there are no specific genetic markers that could predict the disease
transition.

The t (4;14) (p16;q32) is associated with poor survival (32,33). This translocation results
in over-expression of the fibroblast growth factor receptor 3 (FGFR3) and multiple
myeloma SET (MMSET) domain (34). Commonly the translocation t(14;16)(q32;q23) is
associated with MAF genes that have been found in a minority of myeloma, and these

derive from IgH rearrangements with a locus in chromosome 16 portending increased
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risk in multiple myeloma (35). One study showed the deletion of 13q in 85% of myeloma
patients with t(4;14) and 92% of t(14;16) with a strong correlation between deletion 13q
and 14q32 rearrangements, possibly linking to high-risk genetic events (36). Another
evident alteration is the monoallelic deletion of 17p13, the locus of tumor suppressor gene
p53 related to an unfavorable clinical course.

Moreover, chromosome 1 aberrations (both 1q gain and 1lp loss) or deletion of
chromosome 13 or 13q represent significant negative prognostic factors in myeloma and
could represent an adverse prognostic factor for the transplant-eligible patients (37, 38).
Other studies suggest that these recurrent high-risk cytogenetic changes may coexist with
other cytogenetic alterations such as trisomy of chromosomes 3 and 5 modulating the risk
status. (39). Other chromosomal defects observed in patients with multiple myeloma
include the translocation t (8;14), linking the IGH enhancer on chromosome 14 with the
MYC oncogene. This alteration is associated with the progression from MM to refractory
disease and PCL.

There are several shreds of evidence indicating that the development of MM is due not
only to the uncontrolled proliferation of plasma cells (PC) but also to change in the bone
marrow (BM) microenvironment (40). The bone marrow microenvironment is a natural
reservoir for hematopoietic cell progenitors. In the microenvironment, there are many cell
types, including hematopoietic cells such as B cells, T cells, natural killer cells, myeloid-
derived suppressor cells, and non-hematopoietic cells including bone marrow stromal
cells, osteoblasts, osteoclasts, adipocytes, and endothelial cells (41-43). The interactions
between myeloma cells, osteoclasts (which have a role in bone resorption), stromal cells,
myeloma-associated fibroblasts and osteoblasts (which have a role in bone formation) are
crucial both for the development of the osteolytic bone disease and for myeloma cell
growth.

Collectively, MM plasma cells are hosted in specialized niches and receives signals
permitting them to survive thanks to a protective effect (44, 45, 46). Indeed, within the
microenvironment, the host immune system plays a pivotal role in the PC growth,
proliferation, survival, and resistance to drugs and is responsible for some clinical
manifestations of MM (44, 45). The interaction with bone marrow stromal cells alters the
levels of factors involved in aberrant microenvironment composition. many factors could
interact, including receptor activator of nuclear factor-xB ligand (RANKL), VEGFA, and
tumor suppressor miRNAs that may control BCL2, CCND1, CCND?2 (47-48).

13



The interplay between the microenvironment and MM-PCs growth is further involved in
mediating resistance to therapies (45, 49).

Therapeutic strategies for MM have entirely changed in the last decades. Nowadays, the
treatment continues to improve, with effective drugs available for the management of the
patient. However, MM remains incurable for many patients, especially after the second
relapse, primarily owing to acquired resistance to anti-myeloma chemotherapeutic drugs
(54).

Using a proteasome inhibitor is currently one of the most approved approaches for
relapsed or refractory myeloma patients and newly diagnosed multiple myeloma patients.
The first-in-class proteasome inhibitor, Bortezomib (BTZ), was approved by the US Food
and Drug Administration in 2003 (50) and is currently part of the back-bone of the first-
line anti-MM treatment. BTZ is a boronic acid dipeptide inhibitor of the 26S proteasome
(51) which enhances ER stress and downregulates the expression of several anti-apoptotic
factors and caspase-dependent apoptosis (52, 53).

There are several mechanisms underlying BTZ resistance investigated until now,
including the number and function of proteasomes in the cell, the load of ubiquitinated
proteins addressed to proteasome and the induction of autophagy flux to maintain
proteostasis. Our group disclosed the contribution of redox balance mediated by HO-1
nuclear transport, but the interconnection between mitochondria function and bortezomib

resistance is largely unknown and it has never been tested in clinics.

2.2 Mitochondria: bioenergetics, dynamics and fitness control

Ever since the mitochondria discovery in the second part of 1800, scientists have
understood that these organelles play an essential role in cell biology. Rudolf Albrecht
von Kolliker first described them in 1857, Richard Altman supported the endosymbiotic
hypothesis while in 1947 Harvey Lecture asserted mitochondria might be the powerhouse
of the cells (57).

These energetic centers, comparing weight to weight, can produce thousands of times
more energy per second as compared to sun production (58). It has known that
mitochondria are where respiration occurs. These organelles are characterized by
ultrastructural hallmarks such as the double lipid membranes and inner membrane folds
forming "cristae." These organelles are much more. For example, these contribute to the

biosynthesis of iron-containing prosthetic group eme, in addition to lipids. Mitochondria
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are involved in cellular calcium homeostasis, regulate cellular redox status, promote cell
death, and generate heat (59, 60).

In the 1920s, Otto Heinrich Warburg took advantage of the excitement around
mitochondria oxygen consumption studies and described 'aerobic glycolysis" (61). He
described this phenomenon of how the origin of cancer cell transformation, setting
aerobic glycolysis as one of the fundamental principles of clinical oncology (62). It is
known that there is a strong relationship between cellular cancer metabolism,
mitochondrial bioenergetics, and tumorigenesis development (63).

Indeed, the metabolic reprogramming in cancers increases the ability to evade apoptosis,
promotes cancer growth advantage by increasing ATP production in an oxygen-
dependent manner. Moreover, high ROS production in cancer cells has also been
associated with the corresponding regulation of mitochondria antioxidant defense
mechanisms (64).

Understanding metabolism was the most significant shift in understanding that glycolysis
is not the only strategy used by cancer cells in favour of the theory that in cancer cells, a
robust oxidative metabolism exists and could be maintained through regulatory control
of mitochondria primarily. Furthermore, these novel findings have renewal the canonical
view of mitochondria, above all, in cancer. Before analysing mitochondrial features in
MM is essential to understand the physiological roles of oxidative phosphorylation
(OXPHOS) and mitochondrial fission and fusion.

Briefly, before analysing these two processes, we must first understand the mitochondrial
ultrastructure—a double membrane system characterizing mitochondria. The outer
mitochondrial membrane (OMM) is a double phospholipid membrane that separates the
inside of the organelle from the rest of the cell. The inner mitochondrial membrane
(IMM), which separates the inter-membrane space from the central matrix, is the site of
the electron transport. The IMM and the OMM enclose the intermembrane space (IMS)
of mitochondria.

The OXPHOS process is carried on by protein complexes that contain flavins, iron-sulfur
clusters, heme proteins, copper (Cu) structures forming electron transport chain (ETC)
(65). In ETC, four big complexes are involved and organized in the intermembrane space:
Complex I, Complex II, Complex III Complex IV. Complex I (NADH—CoQ reductase)
is the largest respiratory complex and is also an essential component of the electron

transport chain's energy transformations. It can regenerate NAD+ levels by oxidizing
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NADH, which is formed during the tricarboxylic acid (TCA) cycle and B-oxidation of
fatty acids (66).

The NADH-CoQ catalyzes the electron transfer from NADH to the CoQ (ubiquinone).
This complex moves four protons from the mitochondrial matrix to the intermembrane
space generating a potential decrease of 360 mV (67). Mitochondrial complex II
(succinate dehydrogenase or succinate-ubiquinone oxidoreductase) is the only
membrane-bound component of the Krebs cycle carrying out a dual role: in the ETC and
TCA cycle, connecting so the two metabolic processes (68). Indeed, in TCA, the complex
II subunit permits the oxidation of the metabolite succinate to fumarate, transferring two
protons to CoQ. Finally, as a role in ETC, complex II produces CoQH2 trough the
FAD/FADH2 coenzymes (69). The CoQH2, originating from complex I and II give two
protons to complex III (coenzyme Q: cytochrome c-oxidoreductase), regenerating the
CoQ. The reaction mechanism for complex III is known as the "Q" cycle and permits the
formation of a proton gradient across the membrane. Indeed, this complex carry-out the
cytochrome c reduction thanks to the oxidation of CoQ pumping four protons into the
intermembrane space (positive side), and two protons get taken up from the matrix
(negative side). Thanks to the complete reaction, two electrons are transferred from the
ubiquinol to the ubiquinone, via two cytochrome c intermediates (70, 71).

Complex IV (cytochrome c oxidase) is the terminal enzyme of the ETC. This complex
permits to transfer of electrons from cytochrome c¢ to oxygen, forming water and
generating a proton gradient. This energy is produced in the form of ATP by the action
of ATP synthase (called Complex V also) (72). It is one of the two largest membrane
protein complexes consisting of two main subunits, FO and F1.

The FO is the transmembrane unit that works like a proton-driven turbine, whereas the
catalytic unit F1 is on the mitochondrial matrix side. The energy accumulated, such as a
form of electrochemical proton gradient generated by the respiratory chain complexes, is
used by FOF1 ATP synthase to produce ATP from ADP and phosphate (73). Therefore,
the membrane potential is essential for mitochondrial functions for cell survival and is
well used by cancer cells to trigger molecular changes that might improve mitochondrial
behavior in response to mitochondrial dysfunction. Furthermore, modulating in ATP
availability might be an essential strategy in inducing cell resistance and sustaining cancer

progression and growth (74).
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New studies have demonstrated that cancer cells take advantage of high OXPHOS,
including leukemias, lymphomas, pancreatic ductal adenocarcinoma, melanoma, and
endometrial carcinoma (75).

Mitochondria are also involved in numerous other physiological processes such as the
intrinsic apoptotic pathway, that can protect cancer cells during tumorigenesis.

It has been demonstrated that mitochondrial can modulate their morphology regulating
the intrinsic apoptotic pathway and participating in the resistance of cancer cells to
apoptotic stimuli (76).

The balance between these two opposite processes regulates both mitochondrial
morphology and their number: this process is characterized by fission and fusion cycles.
Together, both mechanisms have referred to as “mitochondrial dynamism” (77).
Mitochondrial fission allows the division of one mitochondrion in two daughter
mitochondria, whereas mitochondrial fusion is the merger of two mitochondria into one.
Mitochondrial fission is carried out by multi proteins machineries, such as the GTP-
molecules Fis1 (Mitochondrial fission protein 1), which is integrated into the OMM, and
Drpl (Dynamin related protein 1). Fis1 allows Drp1 to translocate from the cytosol to the
OMM, where it forms a ring that drives the division of the organelle. This process permits
to regulate the size and number of mitochondria in response to ATP request or to release
of cytochrome C, leading to cell death (78).

Mitochondrial fusion events in the cell are tightly regulated by three GTP-hydrolyzing
enzymes of the dynamin superfamily: Mfnl (Mitofusin-1), Mfn2 (Mitofusin-2) and
OPA1 (Optic Atrophy 1). Mfnl and Mfn2 are localized on the mitochondrial outer
membrane and are required for OMM fusion, whereas OPA1 is associated with the IMM.
OPAL1 is also necessary for mtDNA maintenance and morphology formation of the
mitochondrial "cristae." Interestingly, ATP synthase, which mediates this process, could
impact the inner membrane and cristae biogenesis (79). Finally, biogenesis Tfam
(mitochondrial transcription factor A) is both a mitochondrial DNA (mtDNA) binding
protein essential for mitochondrial genome maintenance and a necessary factor for
mitochondrial biogenesis. The pathway of Tfam expression, from transcription to
localization, during mitochondrial biogenesis induced by cell growth carry on an essential
role in cancer development (80).

Both mechanisms analysed before can be used by cancer cells to induce apoptotic
resistance, sustaining resistance, and tumorigenesis potential (81). However,

mitochondria have not the only role of cancer progression as well as in the strength of
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cancer cells to chemotherapy. Finally, must remember that mitochondria are much more
than the primary energy source for the cells, as can modify both their mitochondrial
dynamism and OXPHOS or both processes, contributing to cancer development in many

different complex ways.

2.3 TLR4 signalling

Several mechanisms are suggested to be responsible for cancer progression, and Toll-like
receptors (TLRs) seem to play an essential role with particular regard to the
microenvironment molecular mechanisms. TLRs are potential linking elements between
inflammation and cancer (82). They are a family of transmembrane receptors playing a
pivotal role in sensing and initiating innate immune response recognizing exogenous
pathogen-associated molecular patterns (PAMPs). Many Toll-like receptors have now
been described in humans. Toll-like receptors are expressed on virtually every type of
cell, including immunocompetent cells. TLR also has endogenous ligands such as heat
shock proteins, fragments of extracellular matrix proteins, modified lipids, lipoproteins
(called damage-associated molecular patterns, DAMPs) or molecules, released by injured
tissues and necrotic cells (83, 84). Specific adaptor molecules mediate their signaling
cascades via interactions with the TIR (Toll-interleukin-1 receptor) domains, including
MyD88, TIRAP, TRIF, and TRAM (85), leading to activation of NFkB and
ERK/JINK/p38. These regulate many immunologically relevant proteins and are also
involved in tumorigenesis, tumour growth, and several acute or chronic diseases (86). In
particular, the Toll-like receptor "TLR4" can also be considered an essential receptor on
which both non-infectious and infectious stimuli converge to trigger a pro-inflammatory
response. Indeed, evidence from recent studies suggests that enhanced expression of
TLR4 in chronic infections and inflammation is correlated with cancer progression (87,
88). Aberrantly activation of the TLR4 pathway induces an inflammatory pathway that
promotes the initiation and progression of several tumours (89-92). This receptor is
widely expressed on transformed cells of the immune system, both blasts and memory
cells. However, when the TLR4 inflammatory response is not regulated, it could be
harmful cells. TLR4 activation can contribute to disease progression in several diseases
such as ischemia/reperfusion injury, sterile and chronic inflammation, autoimmune
diseases, and neuroinflammation (93).

Gene expression microarray analysis of a large panel of MM patients revealed that TLR4

is over-expressed approximately 6% of patients and is associated with a poor outcome
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(94). TLR4 promotes MM cells proliferation partially through autocrine IL6 signalling
(95, 96) and induces PDL-1 expression through MyD88/TRAF6 pathway contributing to
T-cell dysfunction and immune escape (97, 98). Moreover, our group has recently
demonstrated that TLR4 signalling plays a crucial role in mesenchymal stromal cells
(MSC) transformation by inducing a pro-inflammatory phenotype associated with a pro-
tumour behaviour, allowing immune escape mechanisms and tumour growth in myeloma
microenvironment (99). This receptor may become a promising candidate for developing
effective therapeutic in hematologic malignancies against transformed immunological
cells. Moreover, different clinical trials investigating the safety of synthetic TLR4

antagonists are currently ongoing.
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3. Research plan

In line with the current state of the art, mitochondrial fitness, mitochondrial dynamism,
and oxidative stress are becoming an increasingly important area of translational research,
with mounting evidence showing that mitochondrial functions can influence the response
to chemotherapy. In MM, the resistance to the PI could involve the cross-talk between
different adaptive machineries, including mitochondrial functions and energy
metabolism.
Given this scenario, the specific aims of the present research project have been:
- todevelop resistant MM cells line (U266) to BTZ in order to study oxidative stress
response and mitochondria metabolism;
- to evaluate mitochondrial fitness in MM cells before and after BTZ exposure;
- to analyse bioenergetics in MM cells before and after BTZ exposure;
- to study mitochondrial biogenesis and fitness in response to TLR4 triggering;
- to investigate the role of TLR4 signalling in BTZ resistance, including the
mitochondrial biogenesis and fitness;

- to restore BTZ sensibility via TLR4 inhibition.
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4. Methods

4.1 Cell cultures

U266-S and U266-R cells were grown in Roswell Park Memorial Institute (RPMI) 1640
medium supplemented with 20% fetal bovine serum and 1% penicillin-streptomycin.
U266-R cells were selected for BTZ resistance by exposure to progressively higher
concentrations of BTZ. They reached strength to higher doses of the drug (EC50
value:100 nM) after a quiescent state for about one month.

U266S and U266R were analyzed to evaluate apoptosis, proteasome activity,
concentrations of low molecular weight compounds, ROS formation, mitochondrial
membrane potential and mass, gene expressions, as well as to carry out transmission
electron microscopy (TEM) determinations, after incubation for 24 h at 37 °C without or

with 15 nM BTZ.

4.2 Human myeloma cell lines and Human myeloma cell lines (HMCLs)

Cells were grown in Roswell Park Memorial Institute (RPMI) 1640 medium
supplemented with 10% (for MM1.S, OPM2, NCI-H929, all tested for mycoplasmas free)
or 20% (for U266) fetal bovine serum and 1% penicillin-streptomycin. All HMCLs were

screened for TLR4 expression using flow cytometry (Figure 1).

U266 OPM2 MM1S NCI-H929

10 1 1el 1e2 1e3 10 1 1e1 1e2 1ed 10 1 et le2 1e3 1.0 1 1el 1e2 1e3

ARer T APC- TLR4 APC- TLR4. APC- TLR4.

Figure 1: Basal levels of TLR4 expression in HMCL. Representative mean fluorescence intensity (MFI) values
for APC conjugated anti-human TLR4 antibody binding to various MM cell lines (black line); gray area: isotype .
T8 I ) H(+", —SSH( . *( /- "$0"( LH( 23(HSA( 586", "3H&( T +891( ;""&HS'E&" (<TT2=30( >"W=6%&26"H5( 1"36.200( #82( AB2§=%C20( D%g32EHC" ,
920"03#8=2("&(=F2$hCH(/$H0CH() 28504() #8&=200(6DH025( 13 1 JKL I GMHILOOO(/ - , $'0622(1 I 1 I(P-$(1 14(?%"NLIIQQOIR=#8&=280L 1 IMLOOO=%&36%484

4.3 CD138+ plasma cells
Bone marrow from 5 refractory/relapsed MM patients was collected following written

informed consent (Azienda Ospedaliero Universitaria Policlinico-Vittorio Emanuele,
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#34/2013/VE). Mononuclear cells were obtained by gradient centrifugation on Ficoll
(Biochrom, Berlin, Germany). Cells were purified using CD138 microbeads according to
manufacturer's instructions (Miltenyi Biotech, Bologna, Italy), tested for purity using
flow cytometry, and then used for in vitro experiments. Clinical data of patients included
in this study are provided in Table 1 (Appendix — Table 1).

Cells were treated with 2 pg /mL LPS (Sigma-Aldrich, Mylan, Italy) to activate TLR4.
The TLR4 inhibitor TAK-242 was purchased from Sigma-Aldrich. Commercially

available BTZ was used.

4.4 TLR4 analysis
TLR4 expression after BTZ stimulation was evaluated by flow cytometry using anti-
human CD284-APC antibody (130-096-236; clone HTA125; Miltenyi Biotech) on a

MACSQuant Analyzer (Miltenyi Biotech) according to manufacturer's instructions.

4.5 Detection of apoptosis

Cells were stained with annexin V FITC/propidium iodide assay kit (Beckman Coulter,
Milan, Italy) according to the manufacturer's instruction. After centrifugation, cells were
resuspended in PBS, stained with annexin V FITC and propidium iodide. The apoptotic
population was immediately evaluated by using MACSQuant Analyzer (Miltenyi
Biotech, Bologna, Italy). The percentages of early apoptotic cells (annexin
V+/propidium-) and late apoptotic cells (annexin V+/propidium+) were analyzed and

graphed.

4.6 20S Proteasome activity assay

After washing, cells were resuspended in culture medium at 3x105 cells/well/100 pL in
a 96 well plate. Proteasome activity assay was performed according to the assay kit
instructions (Sigma-Aldrich, Mylan, Italy). Briefly, 25 uL of 400x Proteasome LLVY-
R110 substrate was added to 10 mL of Assay Buffer (Proteasome Assay Loading
Solution). Cells were then incubated with 100 pL/well of Proteasome Assay Loading
Solution. Fluorescence intensities were measured by using VICTOR3 Multilabel Plate
Reader (Perkin Elmer, Monza, Mi, Italy) using 490-nm excitation and 525-nm emission

filters.
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4.7 Sample preparation and chromatographic conditions of the HPLC analysis of
metabolites

All ultrapure standards, used for the evaluation of cellular metabolic profile,
tetrabutylammonium hydroxide, and potassium di-hydrogen phosphate (KH2PO4)
suitable for all buffer preparations, were purchased by Sigma-Aldrich (St. Louis, MO,
USA) and diluted in Ultrapure water (18.3 MQ cm) (Milli-Q Synthesis A10, Millipore,
Burlington, MA, USA). HPLC-grade methanol, far-UV acetonitrile, and chloroform were
supplied by J. T. Baker Inc. (Phillipsburgh, NJ, USA).

The metabolic analysis was performed after the deproteinization of cell samples (3x106
cells) according to a protocol suitable to obtain protein-free extracts for further HPLC
analysis of acid-labile and easily oxidizable compounds [18]. Cells were washed twice
with PBS at pH 7.4 and pelleted by centrifugation at 1,860 x g for 5 min at 4 °C. Cell
pellets were deproteinized with 1 ml of ice-cold, nitrogen-saturated, CH3CN+10 mM
KH2PO4, and pH 7.4 (3:1, v/v). After vigorous mixing for 60 sec, samples were
centrifuged at 20,690g for 10 min at 4 °C. The organic solvent was removed from the
deproteinized supernatants using two wash with 5 ml of chloroform. The upper aqueous
phase obtained by centrifugation at the same conditions was then used for the HPLC
analysis of low molecular weight metabolites. Simultaneous separation of 50 low
molecular weight metabolites related to energy metabolism, oxidative/nitrosative stress,
antioxidants, and including high energy phosphates (ATP, ADP, AMP, GTP, GDP, GMP,
UTP, UDP, UMP, CTP, CDP, CMP, IMP), oxidized and reduced nicotinic coenzymes
(NAD+, NADH, NADP+, NADPH), glycosylated UDP-derivatives (UDP-galactose,
UDP-glucose, UDP-N-acetyl-glucosamine, UDP-N-acetyl-galactosamine) reduced
glutathione (GSH), nitrite and nitrate, purines and pyrimidines (hypoxanthine, xanthine,
uric acid, guanosine, uracil, f-pseudouridine, uridine), were carried out using a Hypersil
C-18,250 x 4.6 mm, 5 um particle size column, provided with its guard column (Thermo
Fisher Scientific, Rodano, Milan, Italy), following slight modifications of previously
established ion-pairing HPLC methods [19,20]. The HPLC apparatus was a
SpectraSYSTEM P4000 pump (Thermo Fisher Scientific) that interfaced with a highly-
sensitive UV6000LP diode array detector (Thermo Fisher Scientific) a 5 cm light path
flow cell and set up between 200 and 300 nm wavelength. Assignments and calculations
of the aforementioned compounds in cell extracts were performed by comparing retention
times, absorption spectra, and area of the peaks (calculated at 260 nm wavelength for all

compounds but GSH, nitrite, and nitrate that were calculated at 206 nm wavelength) of
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chromatographic runs of mixtures containing known concentrations of ultrapure

standards.

4.8 ROS evaluation

The ROS levels were detected using the 2',7'-Dichlorofluorescein (DCF) assay (Sigma-
Aldrich). Briefly, cells were labeled with 5 uM DCF and incubated for 10 min at 37°C.
After washing, the fluorescence intensity was measured according to the fluorescence

detection conditions of FITC by using flow cytometry.

4.9 Measurement of mitochondrial membrane potential

A membrane potential probe, the DIOC2(3) (3,3'-Diethyloxacarbocyanine Iodide), was
used to evaluate the mitochondrial membrane potential. Cells were incubated with 10 (/M
DiOC2(3) (Thermo Fisher Scientific, Milan, Italy) for 30 min at 37°C, washed twice, and
resuspended in PBS for flow cytometry analysis. The intensity of the green fluorescence
of DiOC2(3) was detected using MACSQuant Analyzer. To evaluate mitochondrial
depolarization in CD138+ cells from MM patients, DiIOC2(3) labeled cells were then
incubated with APC anti-human CD138 monoclonal antibody (clone B-A38; Beckman
Coulter) at room temperature for 15 min. After centrifugation, cells were resuspended in

PBS and then analyzed using flow cytometry.

4.10 Mitochondrial mass evaluation

According to the manufacturer's instructions, cells were reacted with 200 nM
MitoTracker Red CMXRos probe (Thermo Fisher Scientific, Mylan, Italy) for 30 min at
37°C. After being washed twice, cells were analyzed by flow cytometry to quantify

labeled mitochondria.

4.11 RT-qPCR

For gene expression analysis, reverse transcription was performed on RNA extracted
from cell samples by using High Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific). The relative transcription of the genes of interest was determined by
RT-gqPCR using Brilliant III Ultra-Fast SYBR Green QPCR Master Mix (Agilent
Technologies) and 7900HT Fast Real-Time PCR System (Thermo Fisher). Expression of
the following human genes was evaluated: PGC10] (Fw:

ATGAAGGGTACTTTTCTGCCCC; Rw: GGTCTTCACCAACCAGAGCA); SIRTI
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(Fw: TGCTGGCCTAATAGAGTGGCA; Rw: CTCAGCGCCATGGAAAATGT);
NAMPT (Fw: TGGCCTTGGGATTAACGTCT; Rw:
CAAAATTCCCTGCTGGCGTC); SIRT3 (Fw: TCCGGAGGACTCCTTGGACTG;
Rw: TCCCCGGCGATCTGAAGT) OGA (Rw: TGCAACTTGCCTACTCATCAC, Fw:
TTTCTGGGCCCGTACAAAGG), OGT (Rw: ACAGCACAGAACCAACGAAAC -3',
Rw: GCT CAA TTG CCT CCT GCA AC); ATP-synthase (Fw:
AGCTCAGCTCTTACTGCGG; Rw: GGTGGTAGTCCCTCATCAAACT); OPAI
(Fw: GTGCTGCCCGCCTAGAAA; Rw: TGACAGGCACCCGTACTCAGT); MFN2
(Fw: GCTCGGAGGCACATGAAAGT; Rw: ATCACGGTGCTCTTCCCATT); DRP1
(Fw: TGGGCGCCGACATCA; Rw: GCTCTGCGTTCCCACTACGA); FIS1 (Fw
TACGTCCGCGGGTTGCT; Rw CCAGTTCCTTGGCCTGGTT); GSTK1 (Fw:
CTGGGCTTCGAGATCCTGTG; Rw: GGCAGACAAACTTCCACTGTC); B2M (Fw:
AGCAGCATCATGGAGGTTTG; Rw: AGCCCTCCTAGAGCTACCTG); GAPDH
(Fw: AATGGGCAGCCGTTAGGAAA; Rw: GCCCAATACGACCAAATCAGAQG).
For each sample, the relative expression level of each studied mRNA was determined by
comparison with the control housekeeping genes B2M and GAPDH using the 2'"*'# Ct
method.

4.12 TEM (transmission electron microscopy)

For conventional electron microscopy (EM), cells were pelleted and processed as
described. Briefly, ultrathin sections were contrasted with uranyl acetate and lead citrate
and observed with a JEOL JEM 2010 transmission electron microscope (Houghton, MI,
USA) with a LaB6 thermionic source operating at an acceleration voltage of 200 kV. In

conventional EM analyses, micrographs of randomly selected cells were digitalized.

4.13 Western Blot analysis

Briefly, for western blot analysis, 50 pg of protein were loaded onto a 12%
polyacrylamide gel Mini- PROTEAN® TGXTM (BIO-RAD, Milan, Italy) followed by
electrotransfer to nitrocellulose membrane Trans- Blot® TurboTM (BIO-RAD) using
Trans-Blot® SE Semi-Dry Transfer Cell (BIO-RAD). Subsequently, the membrane was
blocked in Odyssey Blocking Buffer (Licor, Milan, Italy) for 1h at room temperature.
After blocking, the membrane was three times washed in PBS for 5 minutes and incubated
with primary antibodies against human TLR4, MyD88 (sc-293072, sc-11356, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), p38, phospho-p38, ERK, phospho-ERK (#9212,
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#9211, #4377, #9102 Cell Signaling Technology, Danvers, MA, USA), p62/SQSTMI,
PINK1, GAPDH and B-actin (ab109012, ab8226, ab23707, ab181602, Abcam, Milan,
Italy), overnight at 4°C. The next day, membranes were three times washed in PBS for 5
minutes and incubated with Infrared anti-mouse IRDye800CW (1:5000) and anti-rabbit
IRDye700CW secondary antibodies (1:5000) in PBS/0.5% Tween-20 for 1h at room
temperature. All antibodies were diluted in Odyssey Blocking Buffer. The blots were
visualized using Odyssey Infrared Imaging Scanner (Licor, Milan, Italy), and protein
levels were quantified by densitometric analysis of antibody responses. Data were

normalized to protein levels of B-actin.

4.14 Immunofluorescence

Following drug treatment, cells were labeled with 200 nM MitoTracker Red CMXRos
probe (M7512, Thermo Fisher Scientific, Rodano, Milan, Italy). After being washed
twice, labeled cells were adhered to slides by cytospin and subsequently fixed with 4%
formaldehyde for 20 min at room temperature, protecting from exposure to light. After
three wash in PBS for 5 minutes, cells were fixed using 4% paraformaldehyde,
permeabilized using 0.1% Triton X, and blocked to prevent non-specific antibody binding
using 2% bovine serum albumin. The slides were then incubated overnight at 4°C with
the primary antibody against LC3-II-rabbit (L7543, Sigma-Aldrich, Milan, Italy) at 1:100
dilution. The next day, cells were washed three times in PBS for 5 minutes and incubated
with anti-rabbit FITC secondary antibody at 1:200 dilution for 1h at room temperature.
The slides were mounted with medium containing DAPI (4,6-diamidino-2-phenylindole)
to visualize nuclei. The fluorescent images were obtained using a Zeiss Axio Imager Z1

Microscope with Apotome 2 system (Zeiss, Milan, Italy).

4.15 Statistical analysis

Principal component analysis (PCA) was performed, as previously described (21-23).
Explained variances are reported as biplot of variables and key colored arrows
representing the contribution of variables as square cosine (Cos2). The analysis was
performed using RStudio software using metabolomic data. Statistical analysis of data
was performed using the two-tailed Student's t-test for independent samples for
comparison of n = 2 groups and one-way ANOVA and (with Fisher protected the least
square as the posthoc test, to compare n > 2 groups) and p-values < 0.05 were considered

statistically significant.
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5. Results

5.1 Mitochondrial Biogenesis, Mitochondrial Dynamics and the Antioxidant System
are increased in U266-R

To confirm the role of mitochondria in response to BTZ treatment in myeloma cells, we
evaluated the mitochondrial biogenesis and mitochondrial dynamism gene expressions.
Firstly, we evaluated the baseline activity of the ubiquitin-proteasome system in U266-R
versus U266-S cells finding that under basal conditions, it increases significantly in

U266-R compared to in U266-S (p < 0.001, Figure 2A).
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Figure 2A: Proteasome 20S Activity Assay. Detection of Proteasome Activity in U266/BTZ —S, —R cells. U266 cells
were seeded on the same day at 500,000 cells/90 pL/well in a 96-well black wall/clear bottom plate. The proteasome
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We also measured proteasome activity in all the three U266 cell lines after BTZ treatment.
Both U266 cell lines (-S and -R) were treated with BTZ (15nM), and chymotrypsin-like
activity was analyzed every 30 minutes. It has been observed that cell lines respond to
BTZ 15nM treatment in the same way (Figure 2B, 2C).

These data support the idea that BTZ resistance could not be associated with proteasome
activity. As proteasome inhibition activates the UPR and ER stress, regulating
mitochondrial morphology (100), we evaluated whether BTZ resistance in U266-R was
mediated by increased values of different mitochondrial mass and function parameters.
As for mitochondria biogenesis genes, the results illustrated in Figure 3 show that
biogenesis markers SIRT1 (Sirtuinl), PGCla (peroxisome proliferator-activated
receptor-y coactivator a) were 6- and 4- fold higher in U266-R than the corresponding
values determined in U266-S (p <0.001, Figure 3A). As for mitochondria dynamics, we
studied the primary biomarkers genes of mitochondrial fusion such as OPAl
(mitochondrial dynamin-like GTPase), MNF2 (Mitofusin-2), and mitochondrial fission
as FIS1(Mitochondrial fission protein 1) and DNMIL (Dynamin 1 Like).

In U266/BTZ -R OPA1 and MNF2 are higher compare to U266/BTZ —S (p<0,001)
(Figure). Similarly, FIS1 and DRP1 show an increased expression also (p<0,001),
confirming the high mitochondrial dynamism that characterizes this cell line (Figure 3C).
Since mitochondria are the primary intracellular source of ROS and that mitochondrial
dynamics are tightly coupled to ROS generation, we performed ROS quantification in
both MM cell lines using cytofluorimetric analysis. The results show higher ROS levels
in U266-R compared to U266-S (p < 0.001 Figure 3D).

To counteract the increase in intracellular ROS formation caused by elevated
mitochondrial functions, U266-R also over-expressed the antioxidant enzyme GSTK1
(glutathione S-transferase pi 1) compared to the expression measured in U266-S
(p<0.001)(Figure 3D). Furthermore, the quantification of GSH indicates that BTZ-
resistant cells have about 1.5 times higher concentrations than those measured in BTZ-
sensitive cells (p < 0.05).

To confirm the above assumptions, we performed an analysis of the mitochondrial
membrane potential to evaluate BTZ treatment's effect on mitochondrial polarization
status by flow cytometry. U266-S after BTZ-treatment shows high mitochondrial
depolarization compared to untreated U266-S (Figure 4A) while U266-R does not
display any differences before and after BTZ exposure (Figure 4B).
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These data show that the BTZ was able to induce mitochondrial damage in U266/BTZ —
S. Interestingly, U266/BTZ —R maintains a functional mitochondrial fitness after BTZ
treatment. Moreover, a significative decrease in PGCla (p <0.01) and a down-regulation
of cytochrome b (Cyt-B) and ATP synthase (ATP-synt) is associated with the
mitochondrial depolarization in U266-S. These data could indicate a decreased efficiency
of both the electron transport chain (ETC) and oxidative phosphorylation

(OXPHOS)(Figure 4C). On the contrary, after BTZ treatment, U266-R up-regulated the
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above-described genes as a protective mechanism to defend mitochondria against PI
treatment (Figure 4D).

5.2 U266-R Cells Exhibit Increased Concentrations of GTP, UTP, and CTP
Besides, adenine nucleotide concentrations, ECP, and the ATP/ADP ratio are different
between U266-S, and U266-R deproteinized cells extract indicating the equal
mitochondrial phosphorylating capacity (ATP/ADP) of the two clones (Table S2),

An accurate evaluation of the other purine (GTP, GDP, GMP, and IMP) and pyrimidine
nucleotides (UTP, UDP, UMP, CTP, CDP, and CMP) evidence that the U266-R have
significantly higher GTP, UTP, and CTP concentrations compared to the U266 BTZ-S
(Appendix - Table 2).

Successively, BTZ treatment also led to significant changes in energy metabolism, even
though those occurring to U266-R are remarkably attenuated compared to those taking
place in U266-S.

BTZ exposure in U266-S, the concentrations of ATP, GTP, UTP, CTP, and total
nucleoside triphosphate show a decrease of 75%, 62%, 83%, 61%, and 75%, respectively,
compared to in untreated cells (Figure SA).

Instead, the same metabolites in U266-R show a decrease of 35%, 50%, 58%, 50%, and
46% after BTZ exposure and are significantly lower than the corresponding values
measured in untreated U266-R (p < 0.05). Also, these reductions are considerably higher
in confront to the values observed in BTZ-treated U266-S (p < 0.05, Figure 5A).

The concentrations of AMP and ADP in BTZ-treated U266-S increase of 3.7 and 13.2
times, respectively, than the values in untreated U266-S (p < 0.05). Also, in BTZ-treated
resistant clone are in the case of ADP 2.4 times higher (p < 0.05) and in AMP 2.3 times
higher than the values in the BTZ-untreated resistant clone (p < 0.05). The levels of both
ADP and AMP in U266-R are significantly lower than those measured in U266-S (p <
0.05, Appendix - Table 3).

The disequilibrium in the concentrations of AMP and ADP induced by BTZ treatment
could be associated with overall energetic suffering and mitochondrial dysfunction,
causing decreases in their phosphorylating capacity. Indeed, data show both reductions
in the ATP/ADP ratio by 11 times in U266-S following BTZ treatment, while U266-R
showed only a reduction of about 3.7 times (Figure SB). Additionally, data also highlight
a decrease in the energy charge potential (ECP-values). The ECP values decreased by
1.86 times in U266-S and only 1.12 times in U266-R after BTZ treatment. (Figure 5C).
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5.3 Redox State of Nicotinic Coenzymes in Bortezomib Sensitive and Resistant Cells
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To confirm the different energy states in the BTZ-resistant clone, we wanted to evaluate
the concentrations of NAD+, NADH, NADP, and NADPH in the two clones. Significant
differences were detected only in the case of NADPH, the level of which is lower in
U266-S (0.068 = 0.004 nmol/10 cells) than in U266-R (0.085 + 0.007 nmol/10 cells; p <
0.05, (Appendix - Table 4).

Also, the sum of NAD+ and NADH in U266-S and U266-R is 1.45 + 0.15 and 1.69 +
0.29 nmol/106 cells, respectively, while NADP+ and NADPH are 0.232 + 0.022 and
0.209 + 0.010 nmol/106 cells, respectively.

As a consequence of the similar NAD+ and NADH concentrations, their ratio is not
different between the two clones. Conversely, given the higher NADPH and the equal
NADP + NADPH values recorded in U266-R, the NADP+/NADPH ratio is significantly
higher in U266-S (2.07 += 0.11) than in (2.07 £ 0.11) than in U266-R (1.75 £+ 0.21),
suggesting higher biosynthetic capacities/needs in the BTZ-resistant clone.
Subsequently, it was necessary to evaluate the nicotinic coenzymes concentrations after
BTZ treatment (Figure 6).
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Compared to the untreated cells, the concentrations of NAD+, NADH, decreased,
respectively, by 69% and 29%, while NADP+ and NADPH by 55% and 84% in BTZ-
treated U266-S. In U266-R data show a decrease of 34%, 15%, 19%, and 13%,
respectively, after BTZ treatment (Figure 6A).

Our data that U266-S cells have remarkably modified the oxidized/reduced ratios of
nicotinic coenzymes (60% decrease in NAD+/NADH and a 286% increase in
NADP+/NADPH).

Instead, these effects in U266-R are moderate in the case of NAD+/NADH (20%
decrease) and negative in the case of NADP+/NADPH (13% decrease, Figure 6B).

5.4 TLR4 activation-induced mitochondrial biogenesis in MM cell lines

To investigate whether TLR4 may be involved in mitochondria biogenesis of HMCLs,
we evaluated the effect of the activation of this pathway on mitochondrial status

After incubation with LPS (TLR inductor) for 24h, HMCLs show significantly higher the
expression of mitochondrial biogenesis markers, such as PGClalpha (p=0.005), PRC
(p=0.001) and TFAM (p=0.020) (figure 7B). In line with these data, LPS treatment also
shows the ability to induce a higher mitochondrial mass, as measured by MitoTracker

staining using flow cytometric analysis (figure 7A).
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5.5 BTZ treatment led to activation of TLR4 signalling

As previously shown, since the proteasome inhibition damage mitochondria promoting
the generation of ROS, alteration in the mitochondrial membrane potential, we
hypothesize that MM cells may activate TLR4 signalling during exposure to BTZ as a
stress-responsive mechanism to protect mitochondria against drug-induced apoptosis.
HMCLs treated with BTZ for 24h increase TLR4 surface expression compared to
untreated cells as evaluated by flow cytometry (Figure 8A).

Also, MM cell lines with higher mitochondrial depolarization after BTZ treatment show
a higher TLR4 expression. In detail, in MM1.S and NCI-H929 the percentage of
depolarized cells is about 41,4% and 48,3% respectively, compared to control (p<0.0001,
Figure 8B).

Besides, the TLR4 pathway mediated by BTZ was evaluated in U266 cells. Levels of
MyDS88, p-p38, p-JNK, and p-ERK are significantly increased 24h after BTZ exposure
(Figure 8C).
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lines after exposure to BTZ for 24 h. Representative histograms of analyzed HMCLs are shown. B. Mitochondrial
membrane potential was assessed using DiOC2(3) staining following 24h incubation of HMCLs with BTZ. C.
Western blot showing the expression of MyD88, p-ERK, p-p38 and total ERK and p38 in U266 cells after treatment
with 15 nM BTZ for 24h. B-actin protein was used as total protein loading reference. All showed results represent the
means + SEM of three independent experiments. Two-way ANOVA; **p<0.01; ****p<0.0001. Giallongo C, Tibullo
D, Puglisi F, et al. Inhibition of TLR4 Signaling Affects Mitochondrial Fitness and Overcomes Bortezomib Resistance
in Myeloma Plasma Cells. Cancers (Basel). 2020;12(8):1999. Published 2020 Jul 22. doi:10.3390/cancers12081999
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5.6 TLR4 inhibition restores pharmacological response of U266-R to BTZ-induced
apoptosis

TLR4 signaling could be a protective mechanism against the loss of mitochondrial
membrane potential during BTZ-induced apoptosis.

U266-R showed higher surface expression of TLR4 compared to U266-S, (with a
fluorescence value of 240,16 vs. 1,240,06 of U266-S (p=0.0053; Figure 9A).

Also, the BTZ-resistant clone shows increased protein levels and higher p-p38 and p-
ERK (Figure 9B), indicating a higher activation of TLR4.

Furthermore, we evaluate TLR4 in U266-R to better examine whether TLR4 signaling
could be a protective mechanism against the loss of mitochondrial membrane potential
during BTZ-induced apoptosis. TLR4 and increased protein levels and higher p-p38 and
p-ERK have higher expression in U266-R compared to U266-S, indicating a higher
activation of TLR4 in the BTZ resistant cell line (p=0.0053; Figure A-B).

Moreover, the fluorescence values of mitochondrial mass analysis are 136,6+1,9 in U266-
R and 73,3+1,4 in U266-S (p<0.0001, figure 3C), using mitotracker staining.

Since TLR4 signaling promotes mitochondrial biogenesis and mitochondrial respiration
strictly support PI resistance, we also studied if the combination of BTZ with the TLR4
inhibitor TAK-242 might re-sensitize resistant cells to BTZ-induced apoptosis.
Therefore, the U266 BTZ-resistant line was treated with 15 nM BTZ and 20 uM TAK-
242. We also used the BTZ and TAK-242 combination, and, under this last condition, the
BTZ was added 2h after TAK-242 exposure.

Mix treatment can induce significant cell apoptosis (52% compared to untreated cells;
p<0.0001, Figure 9D), re-sensitizing to BTZ treatment the U266-R. No toxicity was
observed with TAK-242 alone.

5.7 Combined treatment with TLR4 inhibitor and BTZ induced oxidative stress and
mitochondrial depolarization damaging mitochondrial dynamics and energy
metabolism

Since the TLR4 inhibitor TAK- 242 was able to sensitize the BTZ-resistant line to
treatment. We next investigated the link between mitochondrial status, oxidative stress,
energy metabolite levels, and responsiveness to BTZ in U266-R after treatment with BTZ
alone, TAK-242, or their combination.

Firstly, we evaluated ROS production by using flow cytometry. The combination TAK-
242/BTZ induced higher and sustained ROS levels (p<0.0001 compared to control) and
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inhibited the up-regulation of BTZ-induced antioxidant genes (respectively p<0.001 and
p<0.01 compared to BTZ alone; Figure 10A-B).

Analyzing the effect of metabolites levels on U266-R treated either with BTZ and TAK-
242, we found that TAK-242/BTZ combination produced a dramatic 80% decrease in
GSH levels (compared both to control and BTZ alone; p<0.01) and high ROS levels. Our
data show that elevated ROS impair mitochondrial membrane potential (Figure 10D).
As to underline above, the effect of BTZ treatments on mitochondrial polarization status
led to a mitochondria depolarization. Thus, we also evaluated which effect TAK-
242/BTZ could induce on mitochondrial depolarization. The combination treatment led
to depolarization of about 55+4% (p<0.001 and p<0.0001 respectively compared to
control and BTZ alone), indicating that drug combination led to an impairment of the
inner mitochondrial membrane function (Figure 10B).

Afterward, it was useful to understand how the cells may respond to mitochondrial stress
after TAK-242/BTZ treatment.

Combining treatment abolishes the BTZ-induced upregulation of OXPHOS-related genes
(p<0.001 vs. BTZ), TFAM (p<0.01 vs. BTZ), and downregulate both OPA1 (p<0.0001
vs. BTZ) and MFN2 (p<0.05 vs. BTZ). These data suggest a close link with TAK-
242/BTZ-mediated mitochondrial impairment.

Notably, in agreement with these data, we observe that U266-R treated with TAK-
242/BTZ have significantly lower concentrations of both ATP (-27% and -49%,
respectively; p<0.05 and p<0.001 compared to control) and the sum of triphosphate
nucleosides (p<0.05; Figure 10F) as compared to cells treated with BTZ alone. Indeed,
after TAK-242/BTZ treatment, an energy crisis is possibly mediated by mitochondrial
malfunctioning and a decrease in the mitochondrial phosphorylating capacity, as
suggested by the lower values of the ATP/ADP ratio observed in U266-R treated
compared to control (p<0.001; Figure 4F).

Thanks to the sample processing and HPLC method used, we also found that the sum of
the nicotinic coenzyme pool (NADN+NADH+NADPN+NADPH) in TAK-242/BTZ-
treated cells is 0.9440.14 nmol/106 cells (drug combination vs. BTZ alone: p<0.01, figure
4G).

When considering NAD+ + NADH and NADP+ + NADPH separately, we observed no
differences comparing the combination treatment to BTZ alone (1.37+0.48 and

0.29+0.019 nmol/106 cells, Figure 10G).
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Figure 10: TAK-242/BTZ treatment induced oxidative stress and impaired mitochondria fitness. A. Reactive oxygen species
production during drug treatment was measured by oxidation of DCF using flow cytometry. B. The relative gene expression of
key cellular antioxidant genes GPX1 and GSTK1 (relative to B2M) was determined by RTqPCR after 4h. Calculated value of
2"-AACt in untreated cells was 1. C. Levels of GSH and sum of nitrite + nitrate were determined by HPLC analysis in
deproteinized cells after 24h. D. Mitochondrial membrane potential was assessed following 24h incubation of U266-R cells
with drugs. A representative histogram of a flow cytometric analysis of DiOC2(3) staining (left panel) is shown. E. The mRNA
transcription of TFAM, OPA1, MNF2 and NDUFA6, MT-ND4 and ATP-synthase (relative to B2M) was determined by
RTqgPCR after 4h. Calculated value of 2*-AACt in untreated cells was 1. F-G. ATP, ADP, AMP, NAD+, NADH, NADP+ and
NADPH concentrations were calculated by HPLC analysis in deproteinized cells 24 h post-treatment with BTZ, TAK-242 or
their combination. Points and bars represent the mean + SEM of n > 3 independent experiments. One-way and two-way
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Moreover, TAK-242/BTZ treated cells show a significant decrease of both NAD+34§



NADH (0.814+0.152, p<0.05 compared to BTZ alone) and NADP+ + NADPH
(0.078+0.009 nmol/106 cells, p<0.0001 compared to BTZ treated cells).

Interestingly, the NADP+/NADPH ratio is significantly different, with a value of
3.88+0.81 in TAK-242/BTZ treated cells (p<0.01, compared to BTZ treatment alone,
Figure 10G).

Our analysis suggests that U266-R cells respond to BTZ by increasing the reduction of
NADP+ to NADPH, presumably to maintaining high GSH concentrations for
counteracting oxidative stress while responded to TAK-242/BTZ by increasing the
oxidation of NADPH to NADP+, possibly through the involvement of NADPH-oxidase

activation during oxidative stress.

5.8 Mitochondrial impairment induced by TAK-242/BTZ co-treatment increases
mitophagy

Increased oxidative stress is a feature associated with mitochondrial dysfunction, which
can activate mitophagy and target mitochondria for degradation (101).

Also, in TAK-242/BTZ treated cells, our data show a drastic reduction of mitochondrial
mass, which accompanies the strong depolarization and energetic impairment (Figure
11A). Indeed, while BTZ treatment reduced MitoTracker-MFI value, as shown above,
cells treated with the combination TAK-242/BTZ exhibit a MitoTracker-MFI value of
43+1,6 (p<0.0001 compared to BTZ alone).

We next evaluated if the effects of these changes in overall mitochondrial mass were
linked to mitophagy, a fundamental process of the mitochondrial quality control aimed at
the removal of dysfunctional mitochondria.

We evaluated mitophagy using immunofluorescence to detect the co-localization of
Mitotracker stained mitochondria with LC3 protein (a constituent of the autophagosome)
On the contrary, a high activation of mitophagy was observed in U266-R cells following
exposure to TAK-242/BTZ (p=0.0019). These data suggest that mitochondrial
impairment leads to the activation of mitophagy finalized to apoptosis, rather than to
protect cells from the harmful activity of defective mitochondria.

Following our data, we also found significantly increased the expression of PINKI
(PTEN-induced kinase 1) (p=0.0004; Figure 11C) in TAK-242/BTZ treatment compared
to control and BTZ alone.

Moreover, investigating the expression of p62/SQSTM1, which regulates mitochondrial
clustering during mitophagy (102, 103), we observed that both BTZ and TAK-242 alone

40



Mitotracker (MFI)
Count

0
& a4 L
‘\*_51' @&1&9

<
<¥ 2
¥
s
DAPI Lc3 MitoTracker MERGE ZOOM MERGE
-
[
G 55
. 50
S 45
3§ 4
3z
£8 30
38 25
N 3 20
B 22 15
g 10
5
0
'b(b ,I;o(\'
'
N
B ‘;15"
«@ AN
o~
<
o
=
-

C
o 187 - 5 157 -
.% 164 i g sk " - 0 )1@?,\1—
g T T z AR
S ] ] i
s 1.4 . g 10 'T' S KDY — — —— PINK
£ 8 S WA L| GAPDH
T 1.2 @D
4 05

@ < . _
13 1.04 2 - 47kDa | — — W 062/5QSTM1
< 5
= 0.8- i: 0.04 A2KDE — — — — B-actin

& &t & G &

S G O W

P el A v*_ﬂr
P\ A)

Figure 11: Combination of TAK-242/BTZ activated mitophagy. A. Flow cytometric analysis of U266-R for mitochondrial
mass 24h post-treatment as determined by MitoTracker Red fluorescence. A representative histogram of MitoTracker staining
(right panel) is shown. B. Immunofluorescence for the colocalization of LC3 (green) and MitoTracker (red) in U266-R after
24h treatment with BTZ and its combination with TLR-4 inhibitor. Counterstaining of cells was performed by using the
nuclear dye, DAPI (blue). Quantitative analysis of the co-localization of LC3 with MitoTracker was plotted (right panel).
FC=fold changes. C. Analysis of PINK1 and p62/SQSTM!1 protein expression after drug treatments for 24h. beta-actin protein
was used as total protein loading reference. For analysis of western blot the optical density of the bands was measured using
Scion Image software. Bars indicate the mean + SEM of four independent experiments. One-way ANOVA/ unpaired t-test;
#p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 1 "#%& "B *(+", -$8%(- *(/ - "§'0"(L*(23HHG&E" , "3 &L07(+89 = (; " &H#"&"(
<112=30( ="3%=6%&?0"#8( 1"3&200( #&?( AB20=%C20( D%@E32E%C" , ( 920"03#8&=2( "&( =F2$%CH#( /$H#0CH( ) 28804( ) #&=200!
GDH028H4( 1.3 1. IKL 1GMHNLOOOK(/ -, $"0622(1 I 1I(P-$(1 14(?%"NLI4QQOIR=#&=240L 1 IMLOOO

41



increased p62/SQSTM1 expression (p<0.05 and p<0.001 respectively compared to
control). Simultaneously, their combination significantly down-regulated the protein

level compared to BTZ alone (p<0.0001).

5.9 Targeting TLR4 and proteasome activities re-sensitized CD138+ cells from
refractory MM patients

To translate our results on MM patients, we want to evaluate whether TLR4 inhibition
re-sensitizes primary cells to BTZ-induced apoptosis. CD138+ cells derived from 5
refractories/relapsed MM patients were treated for 48h with 5 nM BTZ, 10-20 uM TAK-
242, or their combination. TAK-242 alone, or in conjunction with BTZ, do never show
cytotoxicity toward CD138- cells (Figure 12).

Also, both treatments significantly decreased the viability of CD138+ cells (Figure 12A).
To confirm that TAK-242/BTZ damages mitochondria may cause dysfunction of cell
metabolism and apoptosis, we evaluated mitochondrial polarization status in CD138+
cells 24h post-treatment.

In all samples, except p#5, a combination of BTZ with TLR4 inhibitor-induced higher
mitochondrial depolarization than that caused by BTZ alone (Figure 12B). It is worth
underlining that p#5 corresponds to the sample showing the lowest TAK-242/BTZ
cytotoxicity.

These data demonstrate that TLR4 inhibition significantly re-sensitized CD138+ cells
from a small group of MM patients refractory/relapsed to BTZ thanks to the induction of

remarkable mitochondrial depolarization associated with cell death.
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Drug resistance is one of the significant problems associated with treating oncological
patients with anticancer agents (104, 105). In MM, the first-in-class proteasome inhibitor
BTZ is becomes one of the most widely used drugs for the treatment of patients (106),
but many patients eventually relapse following therapy (107). Generally, the development
of resistance towards chemotherapeutic toxicity involves changes in a vast number of
metabolic pathways and cycles, gene expressions, and protein expressions (108). In this
study, we evaluated the metabolic adaptive response mediating bortezomib resistance in
MM, disclosing the contribution of TLR4 signalling to preserve mitochondria fitness.
Starting from the evidence that bortezomib resistance was not due to the increased
activity of 20S proteasome, but it was associated to increased autophagy flux, we
investigated the interplay between ER stress and mitochondria.

The tight contact between ER and mitochondria impacts mitochondrial fission and fusion
dynamics (109), synthesis and transfer of lipids, and the exchange of Ca2+, regulating
ER chaperones, mitochondrial ATP production and apoptosis (110). Preserving
mitochondrial healthy and function is fundamental to support cell energy demand and
survival, also for cancer cells. Mitochondrial fitness is tightly regulated by mitochondrial
dynamics, to warrant an equilibrium between fission and fusion. Both fission and fusion
are required to exert quality control, regulating changes in mitochondrial size and shape,
regulating cristae remodelling to adapt to cell energy requests (111).

Our study proves that the BTZ-resistant cells have an increased number of mitochondria
due to increased biogenesis, as shown by over-expression of PGCla and SIRT1 (112—
116). SIRT1 is reported to cause an increase in the PGCla activity, subsequently leading
to mitochondrial OXPHOS increase (117).

Moreover, U266-R cells show high mitochondrial dynamics, associated with the up-
regulation of both fission (NMTP and FIS1) and fusion (OPA1 and MFN2) genes
compared to the sensitive cells. These genes encode for GTPase proteins that shape the
overall steady-state morphological and functional characteristics of mitochondria.
Following these results, we found higher levels of GTP in U266-R compared to in U266-
S, indicating bigger substrate availability in BTZ-resistant cells that prop up the increased
mitochondrial activity.

The increase in the mitochondrial number and function, as well as the increase in PGCla,
which up-regulate the expression of mitochondrial proteins, lead to the over-production

of intracellular ROS (117). PGCla can also induce the expression of genes regulating the
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synthesis of ROS-scavenging enzymes, supporting better protection against toxicity
caused by increased ROS production. We also found that higher ROS levels in U266-R
are associated with an increased expression of antioxidant enzymes, such as GSH. This
enzyme can support the protection of ROS-mediated cell impairment and the prevention
of mitochondrial biogenesis inhibition (118).

Other data supports that the high energy expenditure mitochondrial-dependent energy
metabolism is an evident characteristic distinguishing U266-R from U266-S.

In particular, after treatment with BTZ, we evaluated both ATP/ADP ratio representing a
good indicator of the mitochondrial phosphorylating capacity (119) and ECP, which is
indicative of cell energy wellness and functional mitochondria (120, 121).

The U266-R clone shows significantly higher values of the ATP/ADP ratio and ECP than
the U266-S clone. The mitochondrial polarization status analysis by cytometry also
shows a robust mitochondrial depolarization only in BTZ-treated U266-S, while no
change is detected in resistant cells after the drug treatment. Mitochondrial fitness damage
in the sensitive clone is also associated with the lower expression of the ATP-synt, CytB
and, PGCla genes, U266-R responds to BTZ treatment by increasing both CytB and
PGCla gene. Besides, PI exposure also carries on the up-regulation of SIRT3, which
favours the effects of PGC1la on mitochondrial-related gene expression (117).

Our findings are in line with previous evidences in literature. In one study, Cagnetta et al.
indicate that BTZ treatment in sensitive MM cells deeply interferes with NAD+
metabolism (122). Also in our study, NADPH concentration is higher in resistant cells
than U266-S; however, the absolute levels of oxidized (NAD+ and NADP+) and reduced
(NADH and NADPH) coenzymes, and the NAD+/NADH ratio, are similar in both clones
under basal conditions.

This similarity in basal bio-energetics between U266-S and U266-R is lost under PI
treatment. While the U266-S clone undergoes a significant depletion of NAD", NADP",
and NADPH, with a concomitant halving on the NAD+/NADH ratio and doubling of
NADP"/NADPH, U266-R cells have minimal decreases in both reduced and oxidized
nicotinic coenzymes and their relative ratios after BTZ treatment. Maintaining high NAD
levels is essential to maintain the function of the ETC and OXPHOS, also allowing the
execution of specific redox reactions necessary for the proliferation of cancer cells (123).
In U266S cells, the values of the NAD/NADH and the ATP/ADP ratios after drug
treatment indicate a robust mitochondrial dysfunction, whereas as for U266-R cells

suggest a healthy mitochondrial metabolism.
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Our metabolic analysis highlights both an NADPH depletion and a high increase in the
NADP"/NADPH ratio in the BTZ-sensible line compared to the resistant line suggesting
activation of NADPH-oxidase, one of the significant non-mitochondrial ROS sources
deeply involved in mediating oxidative cell stress (124).

These data support the ability of BTZ-resistant clone to resist to ROS increment, using
an antioxidant system. Indeed, the values of GSH in U266-S are solidly lower, after BTZ
treatment, than BTZ-treated U266-R, which show almost three times higher GSH levels.
Our first analyses in BTZ-sensitive (U266-S) and BTZ-resistant clones (U266-R)
highlighted that the mechanisms of resistance to this chemotherapeutic agent were
associated with an elaborate strategy triggered by MM cells. These strategies involve the
capacity to control a broad spectrum of metabolic pathways and cell functions implicated
in BTZ cytotoxicity, such as precise mitochondrial mechanisms to maintain an almost
unaltered proliferating capacity.

Mitochondrial dynamics (fusion, fission, and mitophagy) is strictly associated with the
close contact between ER and mitochondria, supporting communication between these
two organelles. Synthesis and transfer of lipids, exchange of Ca2 regulating ER
chaperones, mitochondrial ATP production, and apoptosis are also the key processes
influenced by the ER-mitochondria contacts (110).

Mitochondria can respond to environmental changes and energy demands of the cell both
by fusing (fusion process) to form an interconnected reticulum, and by dividing to
increase the mitochondrial number or to segregate un-functioning portions of the
organelle for degradation via mitophagy (127).

Mitochondrial fusion prevents the removal of impaired mitochondria through the
accumulation of mitofusin protein, which allows them to re-engage the fusion process
despite their deprived, energetic state, thus improving mitochondrial activity.

Also, the quality of mitochondria in strictly controlled by mitophagy, which needs a
depolarization below a specific 1""+. These characteristics are also essential to carry on
the mitochondrial fusion process.

Increased reliance on mitochondrial respiration accompanies the acquisition of
bortezomib resistance on mitochondrial respiration. In bortezomib-refractory cells, the
mitochondrial fitness is further challenged, requiring a metabolic rewiring due to a higher
concentration of substrates for protein glycosylation. Our study also identifies TLR4
signaling as a contributor pathway to PI resistance, suggesting that activation of TLR4

signaling in MM cells promotes mitochondrial biogenesis favoring the acquisition of
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resistance to BTZ. Indeed, the molecular machinery required for bortezomib resistance
via mitochondria is triggered by a stress-responsive mechanism involving TLR4
signaling and HO-1 recruitment, which protects mitochondria during BTZ-induced ER
stress.

TLR4 is part of a family of pattern recognition receptors (PRRs) that recognize PAMPs
and endogenous binding molecules inducing a proinflammatory response. TLR4-
mediated inflammation is involved in several cancers and also in chronic diseases (9, 37-
39). Different studies have also implicated the TLR4 pathway in MM cell proliferation
and immune escape mechanisms (97, 98).

Our data show that TLR4 activation by LPS stimulation increases MM cell mitochondrial
mass and enhances expression of PGCla (the master regulator of mitogenesis), PRC (a
transcriptional cofactor that activates genes involved in mitochondrial respiratory
function), and TFAM (a key regulator of mitochondrial biogenesis that promotes mtDNA
replication and transcription).

Since the ER triggers apoptosis through mitochondrial depolarization, cytochrome c
release, and its downstream caspase-9 activation (the intrinsic pathway), we demonstrate
that MM cells increase TLR4 expression and signalling as a stress-responsive mechanism
to counteract BTZ-induced mitochondrial depolarization.

According to this hypothesis, it is essential to note that the BTZ resistant clone shows
constitutively increased TLR4 expression and signalling, as well as higher values of
mitochondrial mass.

We hypothesized that MM cells might activate TLR4 signalling after BTZ exposure as a
stress-responsive mechanism to protect mitochondria against BTZ-induced apoptosis.
Thus, since TLR4 regulates mitochondrial biogenesis and U266-R cells are based on
mitochondrial fitness, a link among TLR4 up-regulation and PI resistance may exist. To
demonstrate this link, we used TAK-242 as a selective TLR4 inhibitor that binds to
Cys747 in the intracellular domain of the receptor and disrupts the interaction of TLR4
with its adaptor molecules (125).

The combination treatment of TAK-242 with BTZ strongly re-sensitized U266-R to BTZ
through the generation of higher oxidative stress, strong mitochondrial depolarization,
severe impairment of mitochondrial respiration, pronounced energy crisis and inhibition
of UDP-derivatives-dependent protein glycosylation which in turn activate mitophagy
and cell apoptosis. The combination treatment of TAK-242 with BTZ strongly re-
sensitized U266-R to PI through the generation of higher and extended oxidative stress,
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strong mitochondrial depolarization, severe impairment of mitochondrial respiration,
pronounced energy crisis and inhibition of UDP-derivatives-dependent protein
glycosylation which in turn activate mitophagy and cell apoptosis.

BTZ treatment alone induces an increase of ROS levels and up-regulation of the genes
encoding antioxidant enzymes such as GPX1 and GSTKI, with consequent modest
mitochondrial depolarization. On the contrary, TAK-242/BTZ combination activates a
pro-oxidant status increasing ROS and RNS, decreasing GSH levels and the expression
of antioxidant genes, leading to apoptosis through various mechanisms, including the
UPR induction. This response reinforces oxidative stress and the permeabilization of the
outer mitochondrial membrane and cytochrome c release (126).

Consistent with our data, the TAK-242/BTZ combination treatment induce impaired
mitochondrial respiration resulting in a marked imbalance in energy metabolism.
TAK-242/BTZ combination in addition decrease ATP and the sum of triphosphate
nucleosides (ATP+GTP+UTP+CTP), carrying a reduction in the amount of NAD +
NADH with a decrease in their ratio (NAD /NADH).

Thus, the treatment combination shows a double negative effect on these nicotinic
coenzymes: it provokes both a net decrease in their concentration and causes a significant
change in their respective oxidoreductive state. The two phenomena' cumulative effect is
the imbalance between energy production and consumption with the impoverishment of
high-energy phosphate levels and energy crisis.

Moreover, ATP-synthase and the BTZ-up-regulated OXPHOS-related genes (NDUFA6
and MT-ND4) expression result down-regulated by TAK-242/BTZ also affecting the
concentrations of NADP/NADPH and the NADP /NADPH ratio.

These results permit speculation that the enhancement of oxidative stress triggers ROS
production generated by the inability to manage the electron flow for the tetravalent
reduction of molecular oxygen through ETC, which in turn generates additional ROS
leading to further damages to biomolecules and apoptosis.

We found that MM cells can coordinate mitochondrial fusion, biogenesis, and mitophagy,
leading to mitochondrial fitness maintenance, thanks to the low levels of depolarized
mitochondria. Indeed, in BTZ-resistant cells, higher OPA1 levels impact mitochondrial
energy production and contribute to allowing high oxidative metabolism and aerobic ATP
generation. Indeed, OPA1 is implicated in mitochondrial cristae re-modelling and

regulation of ETC-linked OXPHOS.
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Interestingly, after TAK-242/BTZ combination exposure, the same BTZ-resistant cells
show a significant reduction of MNF2, OPA1, and TFAM expression levels, losing the
capacity to activate mitochondrial fusion and biogenesis. Therefore, the resulting
apoptosis by mitochondrial dysfunction is related to strong mitophagy responses, which
facilitates cytochrome c release from mitochondria. Also, combination treatment leads to
an over-expression of PINK 1, accumulates at the outer mitochondrial membrane (OMM)
and recruits Parkin to initiate mitophagy (127). Moreover, during mitophagy, a robust
mitochondrial translocation of p62/SQSTMI1 usually binds and targets ubiquitinated
proteins to autophagic degradation.

Many evidences support that p62 protects cells upon mitochondrial depolarization by
promoting mitochondrial aggregation (103).

The exposure to single agents BTZ or TAK-242 can trigger the adaptive autophagy
response, as suggested by the increased p62/SQSTM, to prevent the release of
cytochrome ¢, which in turn defends cells against apoptosis. On the opposite, the TAK-
242/BTZ combination significantly down-regulated the p62/SQSTM protein level,
impairing its protective role of mitochondrial clustering. Inhibition of TLR4 increased
BTZ-induced mitochondrial depolarization, re-sensitizing refractory CD138 cells to PI.
Clinically relevant, the TAK-242/BTZ combination was effective in vitro also in primary
human MM cells obtained from BTZ-refractory patients. Importantly, the combination
did not exhibit cytotoxicity toward CD138" cells, suggesting a non-synthetic lethality
limited to MM plasma cells.

The complexity of the mitochondrial strategy used by BTZ-resistant cells to maximize
proliferation and improve the defence mechanisms leading to drug resistance strongly
suggests that it would be useful to design developed studies aimed at testing combination
drug administration, targeting multiple sites connected to these two resistant cancer cell
features.

Studies ongoing in our laboratory are currently investigating TLR4 as a key molecule in
the interplay between micro-environment and neoplastic plasma cells. Indeed, if TLR4
signalling can select more robust mitochondria network, we could hypothesize that
several ligands, able to trigger TLR4, can participate in selection of malignant clones.
Understanding the molecular mechanisms which could confer increased metabolic
adaptation and bio-energetics rewiring abilities could help clinicians to identify strategies
to prevent progression from MGUS through MM or drug resistance acquisition,

intervening on external factors which trigger TLR4 signalling.
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Taken together, our findings suggest that TLR4 signalling is an adaptive response of MM
cells to adverse environment to preserve mitochondrial fitness, that can be elicited by
bortezomib exposure. Targeting mitochondria function and inhibiting TLR4 signalling or
preventing its triggering could be successful in patients with refractory MM to overcome

bortezomib resistance.
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Table 1: Clinical characteristics of patients included in the study. Ref: refractory to BTZ and lenalidomide treatments. LDH:

lactate dehydrogenase; Hb: hemoglobin; ANL: absolute neutrophil count; ALC: absolute lymphocyte count; AMC: absolute

monocytic count; SFLC: serum Free Light Chains. Giallongo C, Tibullo D, Puglisi F, et al. Inhibition of TLR4 Signaling Affects

Mitochondrial Fitness and Overcomes Bortezomib Resistance in Myeloma Plasma Cells. Cancers (Basel). 2020,;12(8):1999.
Published 2020 .Jul 22. doi:10.3390/cancers12081999
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Table 2: Concentrations of adenine nucleotides in U266-S and U266-R. Values are the mean of four different experiments and

are expressed as nmol/106 cells. Standard deviations are in parenthesis. ECP = energy charge potential (ATP + 1/2ADP/ATP +

ADP + AMP). Tibullo D, Giallongo C, Romano A, et al. Mitochondrial Functions, Energy Metabolism and Protein Glycosylation

are Interconnected Processes Mediating Resistance to Bortezomib in Multiple Myeloma Cells. Biomolecules. 2020,10(5):696.
Published 2020 Apr 30. doi:10.3390/biom10050696
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Table S6: Concentrations of AMP and ADP in U266-S
and U266-R.
Values are the mean of four different experiments and are

expressed as nmol/106 cells. Standard deviations are in

parenthesis.

*Significantly different from U266-S or U266-S+BTZ,
p<0.05.

#Significantly different from corresponding controls,
p<0.05.
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NAD* | NADH | NADP* | NADPH | NAD'/NADH | NADP*/NADPH

: 1.30 0.158 0.141 0.068 2.07
; 1.51 0.180 0.148 0.085* 8.48 1.75*
SR 026) | (0.034) | (0.018) | (0.007) (0.76) (0.21)

Table 4. Concentrations of oxidized and reduced nicotinic coenzymes under resting conditions in U266-S and U266-R.
Values are the mean of four different experiments and are expressed as nmol/10° cells. Standard deviations are In
parenthesis. NAD"=oxidized nicotinamide adenine dinucleotide; NADH = reduced nicotinamide adenine dinucleotide;

NADP*=oxidized nicotinamide adenine dinucleotide phosphate; NADH = reduced nicotinamide adenine dinucleotide
phosphate.

* Significantly different from U266-S, p<0.05
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