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Abstract

This works defines for the first time a molecular circuit connecting NAMPT activity to the B cell
receptor (BCR) pathway. Using four distinct Richter syndrome patient derived xenograft models (RS-
PDX), we show that ligation of the BCR results in transcriptional activation of the NAD-biosynthetic
enzyme nicotinamide mononucleoside phosphoriblsyl transferase (NAMPT), with increased protein
expression, in turn positively affecting global cellular NAD* levels and sirtuin activity. Blocking NAMPT
by using the novel OT82 inhibitor in combination with the PI3K &/y inhibitor duvelisib induces rapid
and potent apoptotic responses in all four models, independently of their mutational profile and of
the expression of the other NAD* biosynthetic enzymes, including nicotinate
phosphoribosyltransferase (NAPRT). The connecting link in the circuit is represented by AKT, which is
both tyrosine- and serine-phosphorylated by PI3K activity and deacetylated by sirtuin 1 and 2 to
obtain full kinase activation. Acetylation (i.e., inhibition) of AKT following OT82 administration was
shown by 2D gel electrophoresis. Consistently, pharmacological inhibition or silencing of sirtuin 1 and
2 impair AKT activation and induce apoptosis of RS cells in combination with duvelisib. Lastly,
treatment of RS-PDX mice with the combination of OT82 and duvelisib results in significant inhibition
of tumor growth, with evidence of in vivo activation of apoptosis. Collectively, these data highlight a

novel application of NAMPT inhibitors in combination with duvelisib in aggressive lymphomas.
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Abbreviations Used

ABVD = Doxorubicin, Bleomycin, Vinblastine, Dacarbazine
ADCs = Antibody-drug conjugates

ADPR = ADP ribose

ARTs = Mono adenosine diphosphate-ribose transferases
BCL-2 = B-cell lymphoma 2

BCR = B lymphocyte antigen receptor

BTK = Bruton's tyrosine kinase

cADPR = cyclic ADP ribose

CDK4/6 = Cyclin-dependent kinase 4 and 6

CLL = Chronic lymphocytic leukemia

CR = Complete response

CT = Computed tomography

DLBCL = Diffuse large B-cell lymphoma

ECOG-= Eastern Cooperative Oncology Group

ECOG PS = ECOG performance status

eNAMPT = Extracellular NAMPT

FDG = Fluorodeoxyglucose

GAPDH= Glyceraldehyde 3-phosphate dehydrogenase
GSSG = Oxidized glutathione

GSH = Reduced glutathione

GM-CSF = Macrophage colony-stimulating factor

GRs = Glutathione reductases

HL = Hodgkin lymphoma

IDH= Isocitrate dehydrogenase

LDH = lactatedehydrogenase
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LRF CLL4 = Leukemia Research Foundation Chronic Lymphocytic Leukaemia 4
LRP4 = lipoprotein receptor-related protein 4

MMAE = Antimicrotubular agent monomethyl auristatin E
Na = Nicotinic acid

NAAD = Nicotinate adenine dinucleotide

NAADP = Nicotinic acid adenine dinucleotide phosphate
NAD* = Nicotinamide adenine dinucleotide

NADH= Reduced NAD*

NADPH = Reduced NADP*

NAM = Nicotinamide

NAMPT = Nicotinamide phosphoribosyl transferase
NAPRT = Nicotinate phosphoribosyltransferase

NMN = Nicotinamide mononucleotide

NMNAT = Nicotinamide nucleotide adenyltransferase

NR = Nicotinamide riboside

NRK= Nicotinamide riboside kinase

OFAR1 = Oxaliplatin, fluradabine, ara-C and rituximab
OGD = Oxoglutarate dehydrogenase

ORR = Overall response rate

PAR = Mono-ADP-ribose from poly (ADP-ribose)

PARPs = Poly ADP-ribose polymerases

PET = Positron emission tomography

PDX = Patient derived xenograft

PPM1D = Protein phosphatase Mg2+/Mn2+-dependent 1D
PRPP =5-phosphoribosyl-1-pyrophosphate

Prx = Peroxiredoxin
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PSF = Progression free survival

QA = Quinolinic acid

QPRT = Quinolinate phosphoribosyltransferase

R-CHOP = Rituximab, Cyclophosphamide, Doxorubicin, Vincristine and Prednisone
ROR1 = Receptor tyrosine kinase—like orphan receptor 1
RS = Richter syndrome

SASP = Senescence-associated secretory

SBS-RT = Single base substitution

SCT = Stem cell transplantation

SLL = Small Lymphocytic Lymphoma

TCA = Tricarboxylic acid cycle

TLR4 = Toll-like receptor 4

trisomy 12 = Third chromosome 12

Trx = Reduced thioredoxin

TrxRs = Thioredoxin reductases
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Introduction

1. NAD* metabolism
1.1 The multiple roles of NAD*

Nicotinamide adenine dinucleotide exists in two forms, including an oxidized (NAD*) and
a reduced (NADH) form, and plays a vital role in intermediary metabolism, as obligatory
partner in numerous oxidation/reduction reactions.? NAD* was discovered over 100
years ago and went through a period of relative anonymity until was improved the
knowledge about its chemistry and function by Otto Warburg in 1930s.3 The relevance of
findings concerning the centrality of NAD* reactions in cell physiology, strongly
encouraged studies on NAD* metabolism in the last decades, leading to the validated
evidence of the dual role of NAD* as energy cofactor and signalling molecule.? As
energetic co-enzyme, NAD* is first essential as electron acceptor donor in various
metabolic pathways including cytosolic glycolysis, serine biosynthesis, mitochondrial
tricarboxylic acid cycle (TCA) and in mitochondrial oxidative phosphorylation.* Moreover,
the balance between the NAD*/reduced NAD* (NADH) and NADP*/reduced NADP*
(NADPH) redox couples are essential for maintaining cellular redox homeostasis and for
modulating cellular antioxidation mechanisms, energy metabolism and mitochondrial
functions.®> NAD* is used as a redox coenzyme by almost 300 dehydrogenases and it is
primarily used during glycolysis.

In glycolysis, the first enzyme utilizing NAD* is glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). It is the sixth step in glycolysis, wherein glyceraldehyde 3-
phosphate is oxidized into 1,3-bisphosphoglycerate are required two molecules of NAD*,

which in turn is reduced to NADH per molecule of glucose.®
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The products of glycolysis are two moles of pyruvate, 2 moles of NADH and two moles of
ATP. Pyruvate has multiple possible fates. The final glycolytic product pyruvate can be
converted to lactate in condition of low oxygen tension or metabolized to produce
acetylCoA thus entering the TCA cycle for maximal energy production. In lactate
dehydrogenase reaction pyruvate is reduced to lactate with concomitant interconversion
of NADH and NAD*.” For maximal energy yield pyruvate is alternatively acted upon by
the pyruvate dehydrogenase complex to form acetylCoA with concomitant NAD*
reduction to NADH.® AcetylCoA can then enter the TCA cycle, where NAD* equivalents
are reduced to NADH moieties in several key steps by isocitrate dehydrogenase (IDH),
oxoglutarate dehydrogenase (OGD) and malate dehydrogenase. The next enzyme in the
cycle, OGD, catalyzes the reaction from a-ketoglutarate to succinyl CoA, with reduction
of NAD* to NADH. Lastly, NADH formed from glycolysis (via the malate-aspartate shuttle)
or the TCA cycle can react at Complex |, in the mitochondrial electron transport chain to
regenerate ATP.° In addition, a higher ratio between NAD*/NADH and their relative
phosphorylated form (NADP*/NADPH), is essential to maintain a reducing environment
for both enzymatic and non-enzymatic scavengers defence systems against oxidative
stress.1? Intriguingly, both enzymatic and non-enzymatic antioxidant system components
use NADPH as the ultimate donor of reductive power.!! Two classes of enzymatic
components, glutathione reductases (GRs) and thioredoxin reductases (TrxRs) use
electrons from NADPH to reduce a disulfide to a dithiol. Specifically, GRs catalyze the
conversion of oxidized glutathione (GSSG) into reduced glutathione (GSH), while TrxRs
enzymes maintain the reduced thioredoxin (Trx) concentration that supports

peroxiredoxin (Prx) to remove H202.}? Therefore, through supplying electrons for
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bioreductive synthesis and the regeneration of GSH and reduced thioredoxin, NADPH
plays critical roles in the maintenance of redox homeostasis and modulating redox
signaling.'3

Beyond its vital role as a coenzyme in energy metabolism, the important role of NAD*
has expanded to be a co-substrate for various enzymes with fundamental roles in gene
expression and cell signaling.’* In these reactions, NAD* contributes as a donator of
ADP-ribose and, through its consumption, the energetic cofactor acquires the
characteristic of an intracellular or extracellular signaling molecule. Unlike the
metabolic redox reactions, which reversibly oxidize or reduce pyridine nucleotides,
NAD*-dependent signaling processes continuously consume NAD".

There are different NAD-consuming enzymes (Figure 1), among them (i) mono
adenosine diphosphate (ADP)-ribose transferases (ARTs) and poly ADP-ribose
polymerases (PARPs), which transfer the ADP ribose moiety to acceptor proteins
resulting in their modification and function regulation; (ii) sirtuins (1-7), which catalyze
the NAD-dependent deacetylation of metabolic enzymes and transcription factors, thus
controlling their activity; (iii) NAD glycohydrolase (CD38/CD73) that generates different
NAD* metabolites, including ADP ribose (ADPR), cyclic ADP ribose (cADPR) and nicotinic
acid adenine dinucleotide phosphate (NAADP), all molecules with calcium (Ca*?)
mobilizing activity.’>'® These enzymes through their functional activities of calcium
(Ca?*) signaling activation or post-translational modifications (deacetylation and ADP-
riboposylation reactions) are implicated in the regulation of extended biological
processes. Among others, gene transcription, cell differentiation, cell cycle
progression, DNA repair, chromatin stability, cell adaptation to stress signals, immune

response, and represent coupling elements between the metabolic state of a cell and
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its signaling and transcriptional activities.!” Considering the cellular impact of NAD-
consuming enzymes, especially sirtuins, has led to the hypothesis that these enzymes
may act as “energy sensors”, and consequently, regulating the triggering of adaptive
responses. These enzymes are considered “energy sensors” as they respond to
changes in NAD"* levels, a complex and not fully understood phenomenon involving
NAD™* pool sub-cellular compartmentalization and NAD* transport across the cell and

organelle membrane.?

1.2 NAD+ biosynthesis

NAD* levels are finely regulated, as it is highly compartmentalized in the cytoplasm,
mitochondria and nucleus, which represent its main subcellular pools. These different pools
are regulated independently of each other. When cellular NAD* levels fall below a critical
threshold, regeneration processes are triggered. The two main ones are re-oxidation by
NADH, or through the synthesis of active NAD* from pyridine nucleotides.®-2!

NAD* can be made de novo from L-tryptophan via the kynurenine pathway or from vitamin
B3 precursors, such as nicotinamide (Figure 1).

The kynurenine pathway is composed from 8-steps biosynthesis reaction, starting from
tryptophan/quinolinic acid (QA) and controlled by the rate limiting enzyme quinolinate
phosphoribosyltransferase (QPRT).2 In particular, the contribution of this biosynthesis
pathway is not yet fully elucidated. The kynurenine pathway is particularly active in liver
cells, as most cells do not express all the enzymes of this pathway. In the liver, most
tryptophan is metabolised into NAM, from which it is then released into the serum and
taken up by peripheral cells, where it is subsequently conferred into NAD* by the salvage

pathway. Recent evidence has shown that some cells of the immune system, such as

10
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macrophages, as well as renal, endocrine and nervous system cells, produce NAD* via
tryptophan, contributing to systemic NAD* levels.??7%4

In order to maintain the physiological concentration of the vital pyridine cofactor, rather
than being generated de novo, most NAD* is recycled via the three salvage pathways from
nicotinic acid (Na), nicotinamide (Nam) or nicotinamide riboside (NR) present in NAD*
metabolites or from food sources.'”?> The salvage pathways predominate in most cell
types and each of them is controlled by a rate-limiting enzyme. Specifically, NR is used to
generate NMN by nicotinamide riboside kinase (NRK); Na is converted to NAMN through
nicotinate phosphoribosyltransferase (NAPRT); Nam is converted to NMN by nicotinamide
phosphoribosyl transferase (NAMPT).

NR is a newly discovered NAD* precursor that feeds the recovery pathway and it has been
detected in cow's milk as a natural nutrient. NR is first phosphorylated into NMN by NR
kinases (NRK1-2), after which NMNATs catalyse the production of NAD*.?® The Preiss-
Handler pathway was first discovered in human erythrocytes. In this pathway, NA can be
converted to NAD" in a three-step process that produces NAMN and NAAD as intermediate
metabolites. In mammals, the key enzyme in this biosynthetic pathway is NAPRT as it
catalyses the first conversion reaction of NA to NAMN.?’

NAMPT catalyzes the reaction between NAM and 5-phosphoribosyl-1-pyrophosphate
(PRPP) to form nicotinamide mononucleotide (NMN).

NMN is then converted to NAD* by nicotinamide nucleotide adenyltransferase (NMNAT1-
3), using ATP as the donor of adenylyl moiety.?*> Again the final steps of these reactions are
carried out by NMNATs which convert NMN to NAD*, and NAMN to nicotinate adenine

dinucleotide (NAAD). NAAD is finally amidated to NAD* by the enzyme NAD* synthetase.?®

11
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Several lines of evidence support the evidence that in mammalian cells, the NAM salvage
pathway controlled by NAMPT is the most relevant.?°:30

In fact, NAM is the most abundant NAD* precursor in the bloodstream.?! Moreover,
NAMPT, catalyses the NAD* synthesis reaction from NAM, which is also the product of all
the reactions of NAD-consuming enzymes, such as sirtuins and PARP.3! For these reasons,
NAMPT links the biosynthesis and degradation process in a functional loop in which NAD*
is consumed and regenerated. NAMPT is considered the master regulator of NAD*
biosynthesis in all mammalian cells, as well as a vital gene whose absence of expression
has been correlated with drastic lethality in mice.3%33

NAMPT not only plays a key role within cells, but it also has a role at the extracellular space.
NAMPT has been found in plasma and in the supernatants of different type of cells (tumor
cells but also differentiated adipocytes, primary hepatocytes, cardiomyocyte, leucocytes,
neutrophils, monocytes and macrophages), where exerts cytokine-like properties.3334

It was reported an increased extracellular (e)NAMPT levels in conditions of acute or chronic
inflammation, including tumours, correlating with worse prognosis and increased tumour
aggressiveness.>* Furthermore, eNAMPT is involved in several biological functions, as it
acts as a cytokine, independent of its enzymatic activity, modulating the activation of
inflammatory programmer and the immune response.3>=3’

Specifically, eNAMPT also exerts pro-oncogenic effects by modulating the tumor
microenvironment, enhancing tumor metabolism, and promoting EMT.383°

Although the modalities leading to its secretion are still unknown, it has recently been
shown that Toll-like receptor 4 (TLR4) is a receptor for Enampt.*° Finally, eNAMPT, as an

adipokine, also known as visfatin, plays a critical role in metabolic diseases.?”

12
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1.3 NAD" in cancer

One of the main hallmarks established by cancer cells is the metabolic reprogramming, a
process that support and enable the metabolic adaptation and cancer growth. The aim of
the metabolic adaptation is to satisfy the adaptive needs during tumor progression,
including growth in the nutrient-altered and oxygen-deficient microenvironment.*!

There are multiple molecular mechanisms underlying the metabolic reprogramming
processes, which involve the activation of different oncogenic pathways, specific in various
cancer type (e.g., the B-receptor signaling pathway in chronic lymphatic leukemia or the
pathways driven by RAS, BRAF and MEK in metastatic melanoma). The activation of these

oncogenic signaling pathways directly influences the expression and activity of metabolic

13
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enzymes, so that cancer cells can continue to proliferate in unfavorable environments.3” The
classic example of metabolic reprogramming in cancer cells is the 'Warburg effect', defined
as an increase in the rate of glycolysis and lactate production even in the presence of
oxygen, whose ultimate scope of this metabolic change is the increase in ATP synthesis. The
Warburg effect is closely related to the need that cancer cells have to sustain a higher
production and availability of NAD*, since it can directly promote cancer proliferation by
enhancing the activity of GADPH.’

Certainly, the tissue-specific expression and modulation of the NAD* biosynthetic and
consuming enzymes play a pivotal role in these energetic adaptation processes, since the
continuous replenishment of NAD* is essential for both energy for new energetic and signal
transduction necessities of cancerous cells.?®

Regardless of tumour type, the processes of neoplastic initiation and progression are directly
influenced by intracellular NAD* levels and consequently by the activity of NAD-consumption
enzymes. Specifically, as described above, PARPs directly modulate DNA repair and
chromatin stabilisation processes, while sirtuins are involved in epigenetic regulation and
post-translational regulation of some proteins. Increased NAD* pool consequently led to an
increase in the activity of both families of these enzymes, which in turn activate several pro-
cancer pathways involved in the first step of carcinogenesis and in the development of
drug resistance as well.*4?

Among the other NAD-consuming enzymes, Sirtuins have key roles in normal and diseased
cells, including cancer cells.*>*3 SIRT1 is predominantly nuclear and is known as a tumor-
promoter protein.** In both solid and hematological cancer have been reported that it is
upregulated.*¢ In fact, SIRT1 deacetylate and repress the activity of the tumour suppressor

p53 and the FOXO transcription factors reducing their pro-apoptotic effect.*”48

14
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Furthermore, it is known that the two mains cellular NADases, CD38 and CD73, are
overexpressed in several cancer types, where they control the activation of different
signaling pathways and influence cancer immune tolerance.*

Moreover, in pancreatic ductal adenocarcinoma, upregulation of some PARPs protein
increases consumption of NAD* results in increased sensitivity on NAD* depletion thought
small molecule inhibition.*°

The molecular basis and genetic mechanisms that underlie the selection of the NAD*
biosynthetic pathway in cancer cells have not been fully uncovered. Notably, NAMPT
overexpression was initially observed in a wide range of solid tumors, including colorectal,
ovarian, breast, prostate, well-differentiated thyroid cancers, endometrial carcinomas,
melanoma, gliomas and astrocytomas.>!

Clinically, higher NAMPT expression increases the tumor aggressiveness. Indeed, it is
associated with worse prognosis and correlates with increased tumor growth, metastases,
and cellular dedifferentiation in astrocytoma/glioblastoma and metastatic melanoma.>?>3
Increased NAMPT expression has also been observed in hematological malignancies,
particularly in lymphomas such as: diffuse large B-cell lymphoma, follicular B-cell lymphoma,
Hodgkin’s lymphoma, and peripheral T-cell lymphoma and is associated with a more
aggressive malignant lymphoma phenotype.>?

NAMPT overexpression is also often associated with the acquisition resistance to
chemotherapeutic agents, including fluorouracil and doxorubicin.®*> In addition, it was
elucidated that NAMPT overexpression also increased steaminess and invasiveness
properties of cancer cells by regulating epithelial to mesenchymal transition and the

proinflammatory senescence-associated secretory (SASP) phenotype.>®
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Remarkable, NAPRT is frequently amplified and overexpressed in a subset of human
tumors such as ovarian prostate, ovarian, and pancreatic cancers.>’ On the contrary, gastric,
renal, and several leukemia cell lines, were reported to have low or no NAPRT expression.>®
In colorectal cancer cells have been highlighted that both NAPRT and NAMPT are negative
prognostic marker in these patients and their highest expression is associate with vascular
invasion, lymph node metastasis and advanced TNM stage. In colorectal cancer patients
NAMPT is mainly regulated by miRNAs binding its promoter, while NAPRT gene is
amplificated as well as its promoter is methylated, both these two-event result in NAPRT up-
regulation.”® On the other hand, in other kind of cancer the mutations in the protein
phosphatase Mg2*/Mn2*-dependent 1D (PPM1D) or isocitrate dehydrogenase 1 (IDH1)
genes, are involved in the hypermethylation of NAPRT promoter inducing its silencing. ®°

Due to their dependency on the Nam salvage pathway for survival, NAPRT-deficient cancers
are extremely relayed on NAMPT activity to regenerate NAD*.6%62

Additionally, NAPRT was also found to exist as an extracellular protein, which mediates
inflammation by binding to TLR4 and by activating the NF-kB pathway. Consistent with these
findings, NAPRT serum levels were strikingly elevated in septic patients.®3

Importantly, Chowdhry et al, demonstrated the NAD-producing pathway in cancer cells is
based upon the healthy tissues from which they originate.®* Accordingly, during malignant
transformation, tissues with a high expression of NAPRT remain dependent on this pathway
in NAD* regeneration. On the other hand, salvage-dependent tumors originate from tissues
that do not express NAPRT and, consequently, their NAD* supply relies mainly on NAMPT.
Indeed, when NAMPT was depleted in salvage-dependent tumors, they were still able to
maintain the NAD* supply through the alternative salvage NR-NMRK1 pathway, and dual

NMRK1 and NAMPT inhibition resulted in more effective NAD* reduction and significant
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tumor suppression in vivo. Overall, this finding provides insights into the essential role that
NAD* plays in energetic and transcriptional cancer cell metabolism, growth and survival.
Based on NAD* metabolism, targeting the activity of NAD* biosynthetic machinery was

conceived as a promising therapeutic strategy against cancer. %’/

1.4 Sirtuin in cancer
Sirtuins (SIRT1-7) are a family of deacetylase proteins for which NAD* is a coenzyme for the
removal acetyl modifications of lysine residues on histones and other proteins, generating o-
actyl-ADP-ribose and NAM as the reaction products.? The best characterized member is
SIRT1, which has been associated with longevity. There is evidence showing that resveratrol,
a potent antioxidant with anti-aging effects, is able to increase NAD* levels, leading to SIRT1
activation.%20
The NAD+-consuming enzyme SIRT1 strongly depends on the NAD*/NADH ratio and can be
inhibited by high NAM levels and DBC1, an endogenous SIRT1 inhibitor. Most of the
evidence shows that SIRT1 can act as a tumor promoter. It is well known that SIRT1 has an
anti-aging effect and that its activity can be increased by calorific restriction, which can also
reduce cancer risk.?’
SIRT1 also acts as a deacetylase and inhibits HIF-1a, one ofthe factors needed to activate the
Warburg effect.®> However, SIRT1 has been found to be upregulated in several human
cancers. The relationship between SIRT1 and NAMPT has been well established; that is,
NAMPT promotes SIRT1 activity through a NAD* pool increase and NAM level reduction.®®
In addition to HIF-1a, SIRT1 regulates other important factors, such as p53, c-Myc, FOXO03,

E2F1, BAX, and NF-kB. The most important antitumoral effects of p53 are cell cycle arrest
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and apoptosis. P53 can also inhibit G6PDH in the PPP pathway. SIRT1 deacetylates and
inhibits p53, ensuring R5P and NADPH production, and promotes cell survival.*

SIRT1 is also involved in the promotion of cancer cell proliferation, angiogenesis, and
metastasis through the activation of the MAP kinase pathway by deacetylation.®” All these
data corroborate the oncogenic role of SIRT1, which strongly depends on the NAD* pool and
NAMPT activity.

Another major cytosolic NAD*-consuming enzyme is SIRT2, originally considered a tumor
suppressor.®® SIRT2 inhibits the peroxidase activity of peroxiredoxin-1 (Prdx-1) by
deacetylation, increasing oxidation, and sensitizing breast tumor cells to further increase
ROS.% Another target of SIRT2 is HIFla in the cytosol, promoting the hydroxylation and
degradation of HIF1la and suppressing the tumor growth dependent on hypoxia. However,
other works have demonstrated that SIRT2 promotes cancer growth by stabilizing the Myc
family of oncoproteins and enhancing the signaling of the Notch pathway.”%72

Mutations in the SIRT2 gene have also been reported in human cancers, impairing genome
maintenance and promoting tumorigenesis.”>74

SIRT2 has also been described as a sensor for the amount of nutrients available in the cell
and regulating metabolic activity to adapt the energy need for cancer growth.”>

SIRT3, similar to SIRT4, has both oncogenic and tumorsuppressive activities. SIRT3 is
localized in the mitochondria but is also localized in the nucleus and translocated to
mitochondria upon DNA damage. This translocation contributes to the downregulation of
genes involved in mitochondrial function.”® SIRT3, on the other hand, inhibits apoptosis and
promotes cell growth, increases glycolytic metabolism, maintains mitochondrial membrane

integrity, promotes mitochondrial DNA repair, and increases cell resistance to environmental
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stress.””83 SIRT3 can act as a tumor suppressor by inactivating HIFla and decreasing
oxidative stress.8* SIRT3 activation correlates with an increase in mitochondrial NAD* and a
number reduced of glioblastoma-initiating cells.?> In contrast, the reduction of mitochondrial
NAD* levels inhibits SIRT3 activity, increasing ROS levels through the deactivation of
superoxide dismutase 2 (SOD2), facilitating the metastasis of hepatocellular carcinoma
cells.®¢ SIRT4 functions as an ADP-ribosyltransferase, promoting tumorigenicity when
induced under oncogenic stress and maintaining metabolic homeostasis.®”® On the other
hand, SIRT4 suppresses tumor growth by inhibiting glutamine metabolism and upon
downregulation, it inhibits apoptosis and desensitizes cancer cells to chemotherapy.8-°?
SIRT5 and SIRT6 are master regulators involved in metabolic reprogramming during
tumorigenesis.®? SIRT5 regulates the NAD*-dependent elimination of the succinyl, glutaryl, or
malonyl groups from lysine residues and, in contrast, is an inefficient deacetylase.®® SIRT5
confers chemotherapy resistance to CCR cells through the elimination of malonyl groups
from succinate dehydrogenase complex subunit A (SDHA). SIRT6 also suppresses the
Warburg effect through the inhibition of the pyruvate kinase M2 (PKM2), thereby regulating
glucose homeostasis.’*®> SIRT6, on the other hand, maintains genome integrity during
tumorigenesis.’® In this regard, high SIRT6 levels have been reported in colon cancer
samples, which correlate with worse prognosis.®’

The role of SIRT7 in cancer is poorly understood. SIRT7 regulates RNA metabolism and the
biogenesis of ribosomes. SIRT7 deacetylates CDK9, a subunit of the P-TEFb elongation factor,
leading to the activation of RNA polymerase lldependent transcription.®®>°

SIRT7 is also a prognostic factor indicating a poor outcome in colorectal cancer because it
induces the EMT and cell invasion.®® However, SIRT7 inhibits breast cancer metastasis by

promoting SMAD4 degradation and antagonizing TGF-f signaling.
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1.5 Targeting NAD* metabolism in cancer

Considering the key role of NAD* metabolism in tumor progression, many efforts have been
made to develop drugs that can reduce the availability of NAD* levels by targeting NAD-
biosynthesis enzymes (Table 1). Deregulating NAD* homeostasis in the cancer cells through
NAD* synthesis inhibitors was shown to result in anti-proliferative and cytotoxic effects via
different mechanisms. The main effect of targeting NAD* metabolism involve the direct
depletion of NAD* levels and dramatic ATP reduction, followed by an excessive ROS
accumulation, as well as inhibition of DNA repairing mechanism. As a result, treated cells
showed mitochondrial stress, cell cycle arrest, induction of apoptosis and autophagy
processes. Such events are cancer type-specific and regulated in a dose- and time-dependent
manner.

Given its pleiotropic role in cancer pathogenesis, NAMPT has long been considered an
attractive therapeutic target for cancer treatment. In this section, we provide a brief
overview of NAMPT inhibitors, which have shown preclinical efficacy and some of them
entered in clinical trials, as well as of other inhibitors of NAD* biosynthesis reported over the
last years. The treatment with NAMPT inhibitors demonstrated marked antineoplastic
efficacy across a wide range of tumor murine models, either used a single agent or in
combination with other anticancer treatments. FK866 (also known as APO866) is the first
chemical compound reported as an NAMPT inhibitor. It demonstrated antitumor,
antiangiogenic, and antimetastatic effects in renal cancer murine models.1®

As previously mentioned, IDH1-mutant tumors down-regulate the expression of NAPRT and
therefore depend on NAMPT for NAD* regeneration. This dependence has also been

observed in vivo, where significant antitumor activity has been observed against IDH1-
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mutant gliomas and fibrosarcomas xenografts.?® Also, in IDH1-mutant tumors, a recent
approach has shown that acting directly on the regeneration of mono-ADP-ribose from
poly(ADP-ribose) (PAR) via inhibition of poly(ADP-ribose) glycohydrolase (PARG), the enzyme
responsible for PAR cleavage, increased sensitivity against NAMPT inhibitors.!

Concerning the antileukemic activity of NAMPT inhibitors, OT-82 showed in vivo efficacy
against hematological malignancies in a dose-dependent manner.10?

OT-82 suppressed the tumor growth of subcutaneous xenografts of acute myeloid leukemia
(AML) (MV4-11), erythroleukemia (HEL92.1.7), Burkitt lymphoma (Ramos), and multiple
myeloma (RPMI 8226), and prolonged survival of mice with systemic xenografts of AML
(MV4-11), erythroleukemia (HEL92.1.7), infant MLL-arranged ALL (MLL-2) and with patient-
derived xenografts (PDX) of high risk ALL.102103

In the latter model, OT-82 was found to delay leukemia growth in 95% (20/21), and cause
disease regression in 86% (18/21), of the pediatric ALL PDXs. Additionally, OT-82 alone
showed comparable efficacy to an induction-type chemotherapeutic regimen used to treat
pediatric ALL and improved the efficacy of cytarabine and dasatinib against pediatric ALL in
mice.1%3 OT-82 was also reported to reduce tumor growth and to prolong mouse survival in
Ewing sarcoma xenograft (TC71 and TC32)-bearing mice, although tumors were found to
grow again upon treatment discontinuation.'® Notably, the combination of low doses of OT-
82 and drugs that augment DNA damage, such as Irinotecan or niraparib, improved the
anticancer efficacy of OT-82 in orthotopic xenografts (TC32) and patient-derived xenografts
of Ewing sarcoma.%

Consistent with these reports, earlier studies had shown that also FK866 elicited potent in
vivo antitumor activity in human xenograft models of ATL, AML, Burkitt leukemia, and

lymphoma.10>1% Additionally, in a Burkitt lymphoma (Ramos) xenograft model, combining
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FK866 with rituximab resulted in prolonged mouse survival and reduced tumor burden as
compared to mice receiving the single agents.1%’

KPT-9274, a novel NAMPT/PAK4 inhibitor, showed remarkable antitumor effect in a broad
panel of tumor mouse models, including multiple myeloma B-cell acute lymphoblastic
leukemia, acute myeloid leukemia, Ewing sarcoma, colon cancer and melanoma.108-111
Overall, compelling results from preclinical studies built a strong rationale for the evaluation
of these two inhibitors in the clinic. However, adverse effects have been associated with
NAMPT inhibitors.

The early-generation NAMPT inhibitors, FK866 (APO-866), GMX1778 (CHS-828), and its
prodrug GMX1777, were investigated in early-phase clinical trials. Thrombocytopenia was
the common dose-limiting toxicity associated with the three NAMPT inhibitors.'*? In fact, in
an acute toxicological study, treatment of mice with high doses of FK866 (60 mg/kg bid for 4
days) resulted in thrombocytopenia and severe lymphopenia which were reverted by NA co-
treatment.!'3 Similarly, in non-tumor-bearing mice, NA infusion reduced the mortality
associated with the administration of toxic doses of GMX1777 (650 mg/kg and 750
mg/kg).1** These data encourage the use of NA as an 'antidote' to at least partially prevent
the most damaging effects of NAMPTi. However, safety studies conducted in rodents treated
with GNE-617 and GMX1778 showed effects of retinal and cardiac toxicity, both fatal.

Of note, systemic NA treatment did not mitigate the retinal toxicity associated with GNE-617
and GMX1778 in rodents and only partially protected them from the NAMPTi (GNE-617)-
induced cardiotoxicity.>1>

In contrast, in another study in dogs, co-administration of a NAMPT inhibitor and NA showed

a protective effect.!1® Altogether, these findings suggest that NAMPTi-induced retinal
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damage and its mitigation by NA could be chemotype-specific and might show species
variability depending on the used animal model.

Lastly, the recently reported NAMPT inhibitor OT-82 showed a favorable toxicological profile

Target enzymes Compound Property Implication in cancer treatment
name
Nampt FK866 (APO866) Non-competitive inhibitor Phase | study in advanced solid tumors: Thrombocytopenia

was the dose limiting toxicity. No objective tumor responses
were observed
GMX-1778 Pyridyl cyanoguanidine Phase | study in advanced resistant solid tumors:
(CHS-828) Gastrointestinal toxicitiy and thrombocytopenia were
observed. No objective tumor responses were observed
GMX-1777 Pro-drug of GMX-1778 Phase | study in advanced malignancies: Thrombocytopenia
and gastrointestinal hemorrhage was the dose limiting
toxicity. No objective tumor responses were observed

STF-31 Dual inhibitor of Nampt and Glut1 Deplete NAD levels, and inhibit glucose uptake and glycolysis
STF-118804 Competitive inhibitor Induce apoptosis antecedent cell cycle arrest

GNE-617 Competitive inhibitor Deplete NAD and ATP levels, and promote cell death
GNE-618 Competitive inhibitor Deplete NAD and ATP levels, and promote cell death
LSN3154567 Competitive inhibitor Alone or coadministered with NA exhibits a potent antitumor

activity in tumor xenograft models. The retinopathy
associated with LSN3154567 could be mitigated with NA
coadministration

KPT-9274 Dual inhibitor of Nampt and KPT-9274 decreases G2/M transit and causes apoptosis
PAK4
Nmnat2 VAD NAD analog inhibiting both Induce NAD depletion, glycolytic block, energy failure, and
Nampt and Nmnat2 necrotic death.

rwith no cardiac, neurological, or retinal toxicities in mice and cynomolgus monkeys (non-
human primates), thus apparently avoiding the side effects of other NAMPT inhibitors.10?
Table 1. Small molecules targeting NAD" synthesis enzymes.?
Noteworthy, a combined low-dose OT-82 and niraparib therapy for one month led to several
unexpected deaths in Ewing sarcoma-bearing mice, raising the concern of potential toxicities
associated with prolonged combination treatments with this compound.®® Notably, OT-82 is
being currently investigated in phase | trials. In a two-stage (dose escalation and dose
expansion) phase 1 study, the safety and efficacy of OT-82 are being evaluated in
participants with relapsed or refractory lymphoma (NCT03921879). So far, no results have

been disclosed.
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2. Richter Syndrome
2.1 Definition
The development of an aggressive lymphoid malignancy in a patient with chronic
lymphocytic leukemia (CLL) and/or small Lymphocytic Lymphoma (SLL) is called Richter
syndrome/Richter transformation.'’” The phenomenon was first reported by Richter in 1928

4

as” reticular cell sarcoma” associated with lymphocytic leukemia.’*® Lortholary et al.
introduced the clinicopathological term” Richter transformation” 40 years later.1?®

The aggressive lymphoma has different histology than the underlying CLL. RS differs from
both accelerated phase of CLL and prolymphocytic transformation. The associated lymphoid
malignancies described over the time are diffuse large B-cell lymphoma (DLBCL), Hodgkin
lymphoma, lymphoblastic lymphoma, plasmablastic Ilymphoma, and composite
lymphoma.t?912t The RS definition, as described in the WHO classification, is typically

recognized in two different variants: DLBCL variant in the major of cases (95%), or, rarely,

the hodgkin lymphoma (HL) variant in a minority of cases (0.5-5%).1227124

2.2 Clonally related RS
Two distinct types of RS have been identified based on the relationship to pre-existing CLL,
defined clonally related and clonally unrelated. The clonal relationship representing true
transformations to the preceding CLL phase, is characterized by identical immunoglobulin

heavy- and light-chain rearrangements in the CLL and lymphoma cells (Figure 2).1%°
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Clonally related RS is found in the most (~60-80%) of the DLBCL variants. The clonal
relationship is clinically important: patients with true transformations have worse prognosis,
with a median survival of approximately 12 months, than patients in which RS is clonally
unrelated to CLL showing a similar survival to de novo DLBCL cases, of nearly 65 months.

On the other hand, clonally unrelated DLBCL variant responds to therapy as de novo DLBCL
with a longer median survival (5 years) compared with patients with a clonally related DLBCL
(8—=16 months).126127 Clonally unrelated RS of both DLBCL and HL variants merely represents
a secondary lymphoid cancer in the context of CLL. The mechanisms underlying the

development of an aggressive lymphoma that is clonally unrelated to CLL cells are not fully
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understood and may be related, at least in part, to the condition of immune deregulation

that frequently characterizes patients affected by CLL.

2.3 Histopathologic features of Richter syndrome
RS transformation involves most frequently (60-70 % of cases) the lymph nodes, but
extranodal localizations are also common and may affect the gastrointestinal tract (10 %),
tonsil (10 %), and bone marrow (10 %) among other sites.12>126
The morphology of the DLBCL variant of RS is characterized by confluent sheets of large
neoplastic B lymphocytes resembling either centroblasts (60—-80% of cases) or immunoblasts
(20-40% of cases).’”® In addition, it is important to note that RS cases derived from a
previous CLL possess numerous proliferation centres and a high number of prolymphocytes
and paraimmunoblasts, but do not have clear features of DLBCL.'?%12°
For this reason, new criteria for distinguishing between accelerated CLL and RS have been
proposed. These characteristics include the presence of (i) a tumour of large B-cells with a
nuclear size equal to or larger than the nuclei of macrophages or more than twice the size of
a normal lymphocyte and (ii) a diffuse growth pattern of these large cells (not just the
presence of small foci). Applying these criteria, up to 20% of cases diagnosed as RS will be
correctly classified as 'accelerated' CLL.}?° Moreover, the histological report requires a biopsy
to confirm the suspected lesion.
In CLL patients with suspected transformation, the fluorodeoxyglucose (®FDG) positron
emission tomography (PET)/computed tomography (CT) characteristics of the lesion, in
particular the standardized uptake value (SUV [maximum SUV(SUVmax)]), may guide the
choice of whether to perform a biopsy because sites affected by RS are expected to have

SUVs overlapping with those of de novo DLBCL. The main contribution of 8FDG PET/CT in RS
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diagnosis relies on its high (97%-98%) negative predictive value, meaning that in the
presence of a negative FDG PET/CT, the final probability of RS transformation is only 2-3%.
For these reasons, if PET/CT 8FDG is negative, biopsy is usually not performed. On the
contrary, in patients with higher uptake of 8FDG the biopsy is mandatory.3°

Phenotypically, although the CD5 and CD23 antigens are invariably expressed in CLL cells,
their expression is frequently lost at the time of transformation.®® Indeed, CD5 expression is
present in only a fraction (~30 %) of cases, while CD23 expression is even more rare (~15 %
of cases). CD20 is generally expressed by transformed cells and represents an important
target for immunotherapy with anti-CD20 monoclonal antibodies.?®

Based on immunophenotypic markers of de novo DLBCL, most cases of DLBCL
transformation (90-95 %) have a post-germinal center phenotype (IRF4-positivity), whereas
only 5-10 % display a germinal center phenotype (CD10 and/or BCL6 expression).1?°

Two types of HL transformation have been described.?%131

Type 1 HL transformation usually mimics the pathologic features of classical HL, being
characterized by the presence of mononuclear Hodgkin cells and multinuclear Reed-
Sternberg cells residing in a polymorphous background of small T cells, epithelioid
histiocytes, eosinophils, and plasma cells. In type 1 transformation, the Hodgkin—Reed—
Sternberg  cells show the typical CD30-positive/CD15-positive/CD20-negative
phenotype.'?%131 |n contrast, type 2 HL transformation is characterized by the presence of
Hodgkin—Reed-Sternberg-like cells in a background of CLL cells lacking the polymorphous
reactive infiltrate of classic HL. In type 2 transformation, Hodgkin—Reed—Sternberg-like cells
express both CD30 and CD20 but lack CD15. 120131

Based on the analysis of the rearrangement of IGHV-D-J genes, only a fraction (~40-50 %) of

the HL variants of RS are clonally related to CLL.}3%2%33 Consistently, a number of RS cases
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(~20 % showing a DLBCL morphology and ~50-60 % showing a classical HL morphology)
harbour distinct IGHV-D-J rearrangements compared to the paired CLL, representing de novo

lymphomas arising in a CLL patient.132133

2.4 Incidence

The frequency of RS in CLL patients ranges from 2 to 12% in reports from the period prior to
targeted therapy.'3* The incidence of RS is determined by several variables, including the
different selection of patient cohorts, duration of follow-up, biopsy vigilance and the mixing
of clonally related and unrelated patients. Incidence estimations are overwhelmingly
reported retrospectively and derived from selected patient materials.'3>

Most of the studies report on the occurrence of both clonally related and unrelated RS due
to a lack of attempts to disclose clonal relationship. The largest study of RS was reported
from the MD Anderson Cancer Center in 2006.2”

Of 3986 retrospectively assigned CLL patients, 148 (3.7%) had histologically proven RS and
204 patients (5.1%) had possible RS. A cohort study of 1641 newly diagnosed CLL patients at
the Mayo Clinic estimated RS incidence of 2.3 % (37/1641).123 Interestingly, the occurrence
of RS was significantly higher in patients younger than 55 years (5.9%) compared to patients
older than 55 years (1.2%) as reported on an retrospective, Italian single-institution study
published in 1999.1%¢ The incidence of RS has been 4-20% in patients treated by novel
targeted agents, especially patients with TP53 disrupted CLL clones seem to have a high risk
of transformation.’® Incidence in these cohorts usually refers to clonally related RS.
However, the frequency of RS does not seem to decrease in the era of targeted therapy.
Highest occurrence of RS has been reported in cohorts of patients who are refractory to

treatment.137.138
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2.5 Pathogenetic mechanism
Pathogenetic mechanisms for development of RS have not been clarified. Genetic
predisposition, impaired immunological cancer surveillance and possible cancerogenic effect
of CLL treatment are mechanisms suggested and studied. The obstacles with research on RS
have been the rarity of the disease and thus, difficulty to study in a prospective manner in
unselected populations. However, in recent years, reports based on larger patient cohorts
appeared thanks to worldwide institutional collaborations.*®
Transformation to DLBCL has been the most studied type of Richter syndrome. Somatic
mutations appearing during haematopoiesis can lead to dysregulation followed by
transformation and have been the focus for studies on RS pathophysiology.**°
Researchers have found somatic mutations in genes coding for regulators of proliferation
and apoptosis in a proportion of RS patients, even though the spectrum of mutations is
broad, and no RS unique mutation has been found.*3’
Two previous studies have identified common evolutionary genetic pathways that CLL cells

undertake during Richter's clonal transformation (Figure 3).
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The first study, conducted by Chigrinova et al. analysed CLL and DLBCL samples, some of
which developed RS. Using SNP arrays and targeted gene sequencing, the main genetic
lesions acquired during transformation in RS were identified.'3°

Chigrinova et al. found that RS patients could be separated into two distinct subgroups
according to most frequent genetic lesions. About 50% of patients were characterized by
TP53 inactivation and/or CDKN2A/B loss and alongside MYC activation, and in some cases
13q deletion together with other lesions. The second group was characterized by acquisition
of a third chromosome 12 (trisomy 12) and was found in 28% of 59 studied patients.
NOTCH1 mutations have been frequently found in patients with RS, particularly among

individuals who also have trisomy 12.1%°
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The heterogeneous lesions identified by Chigrinova et al. were confirmed by a second study
conducted by Fabbri et al, using the WES method to analyse CLL-RS pairs and other Richter-
transformed lymphomas.'** This study confirmed a clonal linearity observed during
transformation into RS. Indeed, many of the generic alterations were already present in the
CLL clone and were maintained in the RS clone, together with the acquisition of an additional
heterogeneous lesions.'#

Analysis of CLL/DLBCL paired samples have shown that TP53 disruption is acquired at
transformation in most cases (55 %).12® TP53 gene is located on a short arm of chromosome
17 and codes for tumor suppressor protein, a central regulator of the DNA-damage response
pathway. Activation of p53 protein leads to cell-cycle arrest and apoptosis. Disruption of p53
protein pathway is associated with poor response to chemo-immunotherapy and remains
the most negative prognostic marker characterizing the transformation to clonally related
DLBCL.*?2 TP53 disruption often coexist with mutations that activate MYC oncogene and with
CDKN2A/B disruptions.’*®* CDKN2A/B is a tumour suppressor gene involved in cell cycle
regulation. MYC family genes activation plays a role in initiation and progression of several
haematological cancers.’*® MYC deregulation characterizes a significant fraction (40-60 %) of
cases of clonally related and may be sustained by genetic lesions affecting the MYC network
or by mutations affecting MYC trans-regulatory factors, as exemplified by mutations of
NOTCH1.144-146 Somatic structural lesions activating the MYC gene are observed in
approximately 30-40% of clonal transformations of DLBCL.

NOTCH1 mutations recur in approximately 30% of clonal transformations of DLBCL, causing
the removal of the C-terminal PEST domain of the protein, necessary for switching off the
signalling pathway.'*® The NOTCH1 gene codes for a protein central in NOTCH signalling

pathway, which, depending on the context, has both oncogenic and tumor-suppressor
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function.14>147.148 |nterestingly, NOTCH1 mutations are not coexistent with TP53 mutations
and thus, these two groups distinctly separate about 75% of studied RS cases. Different
studies demonstrated the early acquisition of chromosome 12 trisomy in 173 of RS patients
and the consequently acquisition of NOTCH1 mutations.4°

The use of murine models of CLL made possible to assess the role of the main generic
alterations found in RS. In the Epu-TCL1 model, the concomitant loss of TP53 and CDKN2A/B
functions causes the loss of all cell cycle regulatory signals, leading to uncontrolled
proliferation driven by the activation of the BCR pathway causing a transformation process
like that of RS.1>°

In the study conducted by Kohlhaas et al, they showed that the gain-of-function mutation in
NOTCH1 causes constitutive activation of Notchl in Epu-TCL1 mice recapitulating the RS
phenotype. Furthermore, at least in the Eu-TCL1 model, in the absence of mutation in
NOTCH1, constitutive activation of AKT, downstream of the BCR pathway, drives
transformation to RS via constitutive activation of Notch1.2°%%5! This work suggests that both
genetic and non-genetic mechanisms could lead to the same phenotype. Indeed, certain
stereotyped BCR subpopulations, in particular subpopulation #8, have been shown to confer
an increased risk of RS.*?

Lastly, in a recent work by Nadeu et al, discovered a new driver gene in RS mainly involving
cell cycle regulators (89%), chromatin modifiers (79%), MYC (74%), nuclear factor (NF)-kB
(74%) and NOTCH (32%).%°3 These genetic aberrations were present simultaneously in most
RS cases, but alterations in the MYC and NOTCH pathways in only 2 out of 19 cases.
Specifically, the newly observed alterations included deletions of CDKN1A and CDKN1B in

five RS cases, an immunoglobulin (IG)-CDK6 translocation and a CCND2 mutation already

present at the time of CLL diagnosis. Furthermore, an unsupervised analysis showed that the
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mutation profile of RS patients was completely different from M-CLL and U-CLL patients
before treatment or at post-treatment relapse (independent cohort of 27 post-treatment
CLL samples)!®>* Nadeu et al, identified 11 different mutational signatures, including a
completely new one called single base substitution (SBS-RT) not yet identified in any tumour
type, including CLL and DLBCL.}>*1%9 Specifically, all cases in which the novel SBS-RT
mutational signature was found had been previously treated with alkylating agents, such as
bendamustine (n=5) or chlorambucil (n=2). In contrast, RS cases lacking SBS-RT did not
receive alkylating agent therapy during their CLL phase. The results of this study
demonstrate that RS can arise from several sub-clones and that some of them can be
positively selected following exposure to certain therapies.

Recent findings have shown that clonal evolution from high-risk CLL, apparently
heterogeneous from a genetic point of view, leads to clonal selection and enrichment of
certain mutations, due in part, to the acquisition of resistance to treatment-associated
therapies in these patients. However, further research is needed to highlight which targeted

therapies will need to be used according to the mutation profile.¢°

2.6 Risk factors for Richter transformation
Several studies addressed possible risk factors in CLL patients, but none have been able to
clearly identify a patient at high risk of development RS.1?2161 Small cohorts from selected
CLL populations and mixing true transformation with de novo DLBCL together with the
retrospective character of the studies have been major limitations in risk factor studies.
A pilot study reported by Rossi et al in 2008 involving 185 CLL patients and paired samples
(CLL and Richter's transformation in the same patient) has shown that the following factors

predispose to Richter's transformation in a patient with CLL:133162
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1. CD38 expression (CD38 > 30%)

2. Stereotyped B-cell receptor

3. IGHV4-39 gene usage

4. Telomere length < 5000 base pairs

5. Lymph node size >3 cm

6. Absence of del13q14
Other studies have reported that polymorphisms with B-cell lymphoma 2 (BCL-2), CD38 and
low-density lipoprotein receptor-related protein 4 (LRP4) gene have been associated with
increased risk of RS.1617163 CD38 GG homozygous patients had a 30.6% increased risk
compared with patients having the GC or CC genotype and patients having the LRP4 TT
genotype (which is related to Wnt signaling pathways in CLL).1%3 NOTCH1 mutations were
recently shown to predict for the development of Richter's transformation, while SF3B1
mutations did not.’3” CLL patients with unmutated IGHV gene are more likely to develop RS
than patients with mutated IGHV gene.!®4
Importantly, inactivating lesions in CDKN2A, CDKN2B, and TP53 frequently co-occur in
Richter syndrome (RS), and BCR stimulation of human RS cells with such lesions is sufficient
to induce proliferation. Chakraborty et al showed that tumor cells with combined TP53 and
CDKN2A/2B abnormalities remain sensitive to BCR-inhibitor treatment and are
synergistically sensitive to the combination of a BCR and cyclin-dependent kinase 4 and 6
(CDK4/6) inhibitor both in vitro and in vivo.*>° These data provide evidence that BCR signals
are driving CLL cell proliferation and reveal a novel mechanism of Richter transformation.
Symptoms and signs at CLL diagnosis have been studied, and only advanced stage and large

lymph nodes have been associated with increased risk of transformation.122161
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Association between CLL treatment and RS is not clarified. DNA damage induced by
alkylating agents (chlorambucil, cyklofosfamide) and impaired DNA repair caused by purine
analogs (fludarabine) has, in theory, potential to trigger RS transformation. In a single-
institution cohort study with prospective follow up of 1641 newly diagnosed CLL patients,
the rate of transformation increased from 0.5% to 1% per year after receiving treatment for
CLL.*%> Among patients who received the combination of alkylating agents and purine
analogs, the risk of RS increased 3-fold (Odds ratio = 3.26; p=0.0003). No significant increase
in RS rate among patients treated with single agent was found. In contrast, no difference in
the rates of RS in patients treated with either chlorambucil alone (2%), fludarabine alone
(1%), or the combination of cyklofosfamide and fludarabine (1%) was seen after a median
follow up of 3.5 years in Leukemia Research Foundation Chronic Lymphocytic Leukaemia 4
(LRF CLL4) Trial.'®® Similarly, no difference in transformation rate was observed between
patients treated with either fludarabine monotherapy (7%), chlorambucil monotherapy (5%)
or combination of fludarabine and chlorambucil (8%) in the Cancer and Leukemia Group B
9011 study.®> Remarkably large variation in RS frequency in these studies is truly due to the
high grade of patient selection and varying length of follow up. Thus, the impact of CLL
therapy on risk of RS is still unclear. A prospective study comparing untreated and treated
patients would compare two biologically distinct groups, however it would not be ethically

acceptable because treatment improves prognosis.

2.7 Clinical presentation
The clinical presentation of RS in a CLL patient varies and none of the symptoms are specific.
Thus, the vigilance of the physician considering CLL patient is crucial. In CLL patients, the

clinical features suspected of a transformation are the development of new B symptoms, the
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asymmetric rise of bulky lymph nodes, and/or the sudden rise of lactatedehydrogenase
(LDH) levels.'®” Patients with RS can deteriorate rapidly and promote constitutional
symptoms like fever and night sweats. A rapidly progressive discordant lymphadenopathy;
or cytopenia can be initial symptoms. RS could also develop in extra-nodal sites, and it might
be included in the differential diagnosis of an extra-nodal mass developing in patients with a
known CLL. The specificity of these clinical findings for transformation is only 50-60%, with
the remaining cases showing either progressive or “accelerated” CLL, or even a solid
cancer.'3? To establish the diagnosis of a new, more aggressive lymphoma in a CLL patient,
biopsy is essential. These facts, e.g., nonspecific symptoms and the necessity of a biopsy to
establish a diagnosis can potentially play a role in the measured incidence of RS, introducing

selection bias.12!

2.8 Prognosis of Richter Syndrome
In general, the prognosis in RS is poor, as observed by a median survival ranging between 8
and 16 months in clonally related patients.'?” However, the prognosis is not uniform among
patients and depends on several clinical and biological factors. These allowed the
development of an RS prognostic score based on five adverse risk factors: Zubrod
performance status >1, elevated LDH levels, platelet count 100,000, tumor size 5 cm and
more than two previous lines of therapy. These five adverse risk factors help to predict the

survival once transformation (Figure 4).131
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Based on the prognostic score, patients are assigned to one of four risk groups: 0 or 1, low
risk (median survival: 13 months); 2, low-intermediate risk (median survival: 11 months); 3,
high-intermediate risk (median survival: 4 months); 4 or 5, high risk (median survival: 1
month).1?” The median survival of patients after Richter transformation takes into account

clinical parameters reflecting bone marrow dysfunction and immune system exhaustion, as
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well as the enrichment of chemoresistant clones reflecting previous therapies. Other factors
influencing median survival are TP53 mutational status, treatment response and ECOG
performance status (ECOG PS), which are used to construct an algorithm for classifying
patients according to risk of death.’®® Low-risk patients presented with a good ECOG PS 1
and had no genetic alterations in TP53, showing a good complete response (CR) to
treatment with a median survival of 5 years in 70% of cases. Patients belonging to the
intermediate risk presented a good ECOG PS 1, but with an alteration in TP53 and did not
achieve CR after treatment, showing a median survival of 24 months. Patients belonging to
the high-risk category presented with an ECOG PS >1 and showed a median survival of only 4
months.’?® In fact, these patients are not responsive to the major lines of treatment,
showing a negative impact on performance status. As noted above, the clonal relationship
directly impacts the clinical course of the disease. Clonally unrelated patients have a
significantly longer median survival (62 months), like de novo DLBCL.**® The differences in
survival reflect genetic differences in the disease. Clonally unrelated patients have a low
frequency of TP53 alteration (20%), as well as stereotyped VH CDR3, an immunogenetic
feature that is frequent in clonally related DLBCL (~50% of cases) but very rare in de novo
DLBCL, is virtually absent.'?® For these reasons, patients presenting with a clonally unrelated
RS should be considered as a secondary DLBCL arising de novo in a CLL context, rather than a
true Richter transformation. In the HL variant of RS, the few available cases have shown that
the median survival of these patients ranges from 10 to 20 months, presenting clinical
features of a high-risk disease.'®® The RS score developed for DLBCL transformation, is not

useful to stratify the outcome of HL transformation.?’
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2.9 Current treatment of Richter Syndrome

CLL patients with transformation into Richter's syndrome are commonly treated the same
therapeutic regimens commonly adopted for aggressive B-cell non-Hodgkin lymphomas or
de novo DLBCL, mainly based on chemo-immunotherapy and stem cell transplantation (SCT),
depending on the fitness of the patients, showing worse toxic effects with a short remission.
Treatment with hyper-CVAD, a fractionated regimen of cyclophosphamide, vincristine,
doxorubicin and dexamethasone, induced a response in only 41% of DLBCL treated patients
with a median survival of only 10 months. Moreover, this treatment regimen showed severe
hemotoxicity in all cases, causing a high rate of infection in 50% of cases, and a mortality rate
of 14%.1%° The combination of hyper CVAD alternating with methotrexate and ara-C regimen
with rituximab showed a response rate of 43% showing a median survival of 8 months.
However, this combination was highly toxic, showing a 22% mortality rate, despite the
prophylaxis with granulocyte macrophage colony-stimulating factor (GM-CSF).17°

A good balance between activity and toxicity was observed in less intensive chemotherapy
regiments. A prospective multicenter phase Il trial (NCT00309881) from Langerbeins et al, in
2014, evaluated efficacy and tolerability of R-CHOP (rituximab, cyclophosphamide,
doxorubicin, vincristine and prednisone) regiment resulted in a response rate of 67% in 15
RS patients showing a median progression free survival (PSF) of 10 months and a median
survival of 21 months. The overall response rate (ORR) was significantly associated with a
longer time from CLL diagnosis to transformation, higher levels of hemoglobin and lower
levels of LDH. The treatment-related mortality was low (3 %). In the 65% of patients were
observed hematotoxicity, while infection occurred in 28% of patients.'’*

In a retrospective study, it was observed that the R-CHOP treatment regimen in 12 RS

patients showed a 50% response rate and a median survival of 15 months.'?’
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The first results of phase I-Il clinical trial of platinum-containing regimens, oxaliplatin,
fluradabine, ara-C and rituximab (OFAR1), showed a response rate of 40% with a remission
of only 3 months leading to a median survival of 6-8 months. A high rate of
haematotoxicities accompanied by severe infections and mortality in the range of 3-8% was
also observed with the OFAR regimen 72173

In other to improve the clinical outcomes and decrease the toxicities the OFAR 2 trials was
designed introducing modification of oxaliplatin and cytarabine doses. However, despite this
adjustment the hematologic toxicity and infection were still higher. The ORR was 39%, the
median PFS was 3 months, the median OS was 7 months and at 2 years only 19.7% of
patients with RS were alive.l”3

Based on these results, chemo-immunotherapy regimens, both with rituximab a
human/murine chimeric anti-CD20 monoclonal antibody, have shown promising activity in
the treatment of the DLBCL variant of RS in terms of complete response rate. Although the
response rate of both treatments is high, both treatments induced a high rate of severe
toxicities and the short-lasting remission durations (3-15 months).

Despite the unsatisfactory results obtained using chemo-immunotherapy for RS patients
remains the frontline therapy, underlining the urgent need for novel and more effective
therapeutic strategies.'’*

An alternative approach to chemo-immunotherapy is either the autologous or allogenic- SCT,
explored as post-remission therapy in RS patients because of the short duration of responses
with the sole chemotherapy. Although, SCT approach can be adopted only in a minority of
patients with RS (~¥10-15%), due to limitations imposed by age, performance status, and

donor availability.1?’
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Several clinical data showed that patients who underwent allogeneic SCT as post-remission
therapy had a longer survival compared to patients who received no salvage therapy,
revealing a 5-year OS of 58% and long-term efficacy of SCT.17>"177

The main factor influencing post-transplant outcome is disease activity at the time of stem
cell transplantation. In fact, RS patients sensitive to chemo-immunotherapy have shown
superior survival compared to resistant ones. The greatest benefit was observed in patients
younger than 60 years of age. 1%’

There are limited clinical data on the treatment of HL variants. Patients diagnosed with de
novo HL are treated with multi-agent chemotherapy, such as doxorubicin, bleomycin,
vinblastine, dacarbazine (ABVD) being the most effective regimen. The response rate is 40-
60%, but patients end up developing recurrent disease after a short period of time, showing
a median overall survival of 4 years.

Since the outcome of the HL variant of RS appears to be longer than that observed in the
DLBCL variant of RS, SCT is less used for consolidation of this condition.

In summary, these results show that for young patients with chemo-sensitive Richter

syndrome, stem cell transplantation is a viable alternative.

2.10 Novel therapeutic approaches in Richter Syndrome patients
As noted above, chemotherapy is one of the most effective therapeutic options in the
treatment of cancer, although it is accompanied by numerous side effects.
In recent years, progress has been made with small molecule inhibitors, focusing on tumor-
specific molecular alterations. In this way, the therapy is adapted to the patient, leading to
improved benefits. The treatment of CLL has been revolutionized with the introduction of

small molecule inhibitors, such as BTK, PI3K and BCL2 inhibitors (Figure 5).178
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Bruton's tyrosine kinase (BTK), a member of the Tec kinase family, is an important molecule
in the B lymphocyte antigen receptor (BCR) and cytokine receptor signalling pathways.
Ibrutinib, a reversible BTK inhibitor, showed good tolerability, although it showed partial
clinical responses in small cohort of CLL patient and a complete response in only one
patient.”®7182 Similarly, acalabrutinib, an irreversible BTK inhibitor, showed a good
tolerability profile, but poor clinical effects when used as monotherapy.'>

Another reversible BTK inhibitor, AR1 531, showed a better pre-clinical efficacy compared to
Ibrutinib, in mouse models of CLL and aggressive B-cell lymphomas. Currently, a phase |
study (NCT03162536), enrolling CLL and RS patients, is ongoing to test the efficacy and
tolerability of ARQ 531.182

Another element of the BCR signaling pathway cascade is AKT, downstream of PI3K. It has
been shown that in mouse models of Eu-TCL1, constitutive activation of AKT causes the
onset of an aggressive lymphoma that mimics the clinical features of RS, suggesting a role of
PI3K/AKT in RS transformation.'*® In CLL patients, treatment with Idelalisib, a PI3K& inhibitor,
has shown great clinical efficacy while exhibiting severe toxic effects, even in
relapsed/refractory patients when combined with bendamustine-based regimens or
rituximab.?>® Treatment of RS patients with idelalisib showed one complete response and
two partial responses without disease progression in a small cohort study (4 patients).183184
In addition, another study confirmed its clinical efficacy in the treatment of RS, showing a
complete response after three weeks, although a rapid relapse after discontinuation of
treatment was evidenced.>®

In several hematological malignancies, including CLL and RS, have been observed the
overexpression or mutation of XPO1, a nuclear export protein, making it an interesting

target in target therapy.'® In a phase | study, including 6 refractory/recurrent RS patients,
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the treatment with selinexor, an XPO1 inhibitor, showed a partial response in 2 out of 5
patients and showed a good tolerability profile.18¢

A promising approach for the treatment of haematological malignancies is CD19-targeted
antigen receptor T (CAR-T) against CD19.187.188 CAR-t therapy was evaluated in 24 patients,
19 of them with high-risk CLL and previously treated with ibrutinib, five of them with RT.

The results of this study showed an ORR of 71% at 4 weeks post administration.'8

The same study group then tested this therapy on 19 patients simultaneously treated with
ibrutinib, four of them with RT; they found a 4-week ORR of 83%, and a 1-year OS and PFS of
86%.188189 Dye to the results of this study in 2019, an Israeli study included eight high-risk
CLL patients with RT, treated with CAR-T cell therapy during 2019-2020; they reported an
ORR of 71% (5/8).1&

However, no other studies are currently available and its efficacy in the treatment of RS

needs to be further proven.

2.11 Combination strategies in Richter Syndrome patients

The clinical efficacy of small molecule inhibitors in CLL has allowed their use in the treatment
of RS patients, although many of these new compounds are associated with poor or partial
responses, probably due to the more complex karyotype or genetic background that
determines, at least in part, a more aggressive behavior of these cells. Therefore, a strategy
that could be effective for treating RS patients could be the combination of drugs targeting
different molecules or molecular pathways.

BTK inhibitors have already been tested in combination with several other agents.

In 2015, Jaglowski and colleagues performed a phase 1b/Il trial using ibrutinib and

ofatumumab, an anti-CD20 monoclonal antibody (NCT01217749). The result of this study
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demonstrated a reduction of tumor burden in lymph nodes in 3 treated patients, two of
them had a stable disease for a median time of 10 months, while the other had a partial
response, before undergoing disease progression 5 months later.1°

Similarly, another study reported the case of a patient with RS, who underwent several
cycles of chemotherapy, before and after transformation, a temporary reduction of disease
within 1 month after treatment with Ibrutinib and rituximab.°!

A further study, which included 20 RS cases and other patients with relapsed/refractory B-
cell haematological malignancies, tested the efficacy of Ibrutinib in combination with the
anti-PD-1 agent nivolumab. This therapeutic combination showed the best clinical responses
in the RS cohort with an ORR of 65% and two patients in complete remission. However,
treatment was discontinued due to severe side effects observed in most patients.®?

In 2019, the STELLAR (NCT03899337) trial started in a large cohort of RS patients. The results
of the prospective randomised phase Il trial of R-CHOP alone or in combination with
Acalabrutinib demonstrated the feasibility and clinical activity of adding Acalabrutinib to R-
CHOP.193

Venetoclax, an inhibitor of the anti-apoptotic protein BCL2, showed interesting results in CLL
patients relapsed/refractory to chemo-immunotherapy, showing durable response rates.'%*
Therefore, the clinical efficacy of Venetoclax was evaluated in a cohort of 26 RS patients in
combination with chemo-immunotherapy regimen based on R-EPOCH. The results of the
phase Il study (NCT03054896) showed that 13 RS patients achieved a complete response and
3 a partial response, with an ORR of 62% and a median survival of 19 months. The main side
effects observed were neutropenia and thrombocytopenia.®®

Despite significant advances in treatment options, only a few phase I/phase Il clinical trials

are ongoing, mostly based on different drug combinations, but without any first-line
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therapy.'®® For this reason, RS remains a devastating end-stage complication that represents
an unmet need for patients. One of the main problems in the study of RS is the lack of
murine models of RS, as well as the reduced availability of primary samples. Based on this
observation, understanding the genetics and biology of RS is a necessary step to identify new

targets.
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Figure 5: Schematic representation of novel therapeutic approaches to treat RS patients.1%

The main novel therapeutic approaches to treat RS patients are summarized. Small molecules targeted therapies (A),
antibody-based therapies (B), and CAR-T (C). Bcl-2 (Bcell ymphoma 2), XPO1 (exportin 1), BTK (Bruton tyrosine kinase), BCR
(B-cell receptor), PI3K (phosphoinositide 3-kinase), ADC (antibody-drug conjugate), ROR1 (receptor tyrosine kinase-like
orphan receptor 1), PD1 (programmed death 1), PD-L1 (programmed death 1 Ligand), TCR (T-cell receptor), RNA Pol Il (RNA

polymerase 2), CAR (chimeric antigen receptor), NES (nuclearexport signal)
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2.12 RS-Patient derived xenograft (PDX)

Recently, our group had for the first time established four different PDX models of Richter
syndrome (RS9737, RS1316, IP867/17 and RS1050).'°” The neoplastic cells derived from
lymph node or peripheral blood biopsies of diagnosed patients with Richter syndrome.

Three of the models (RS9737, RS1316, and RS1050) were established from patients who had
a previous history of CLL and were resistant to conventional chemo-immunotherapy, as R-
CHOP and/or lbrutinib treatment. In contrast, IP867/17 was obtained from a patient who
received no therapy. The neoplastic cells from RS patients were subcutaneously injected in
NSG mice and the cells from tumor masses were reimplanted for a minimum of 10 passages.
Phenotypically, all the RS-PDX models were positive for B-cell markers (CD19, CD21, and
CD23), while CD5 is expressed only by RS1316, in agreement with the phenotype
characteristic of primary RS samples. Immunohistochemistry analyses confirmed the robust
expression of CD20, CD23, and of PAXS5, in accordance with a diagnosis of DLBCL.

All the RS-PDX models maintain a close relationship with the primary RS clone, maintaining
the same phenotypic and genotypic characteristics, remaining stable over time. Importantly,
most of the single or multi-nucleotide variations present in the 4 PDX models were already
present in the primary samples. RS-PDXs carry a complex pattern of somatic mutations.
Specifically, all RS-PDX models have point mutations or deletions on chromosome 17p,
causing biallelic inactivation of the TP53 gene. In addition, IP867/17 has an amplification of
the MYC gene involving the 8924 region. RS-PDX models offered a new opportunity to
highlight pathogenic mechanisms and discover driver signaling pathways of therapeutic
interest. A promising therapeutic strategy recently approved by the FDA for the treatment

of solid and hematological cancers is therapy based on antibody-drug conjugates (ADCs).
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The clinical success of these therapies depends on selectivity towards neoplastic cells,
reducing off-target effects. These engineered therapies are based on combining the toxicity
of a drug with the selectivity of mAb. For these reasons, the preclinical impact of two ADC
molecules was explored in the four RS xenograft models targeting two molecules, ROR1 and
CD37, which are highly and selectively expressed by these neoplastic cells.

The receptor tyrosine kinase—like orphan receptor 1 (ROR1) has a key role during
embiogenesis, but its expression decreases during fetal development and is absent or low in
adult tissues.!®®200 The expression of ROR1 has been observed in both solid and
hematological tumors, including CLL, making it an interesting tumor-specific therapeutic
target to explore in RS.201202 vjisitti et al, evaluated the pre-clinical effect of the ADC, VLS-
101 comprising UC-961, a humanised monoclonal immunoglobulin G1 antibody that binds an
extracellular epitope of human ROR1, linked to the antimicrotubular agent monomethyl
auristatin E (MMAE).?°®> When VLS-101 binds the ROR1 receptor, the entire complex is
internalized and transported to the lysosomes where it is released, at which point it is free to
inhibit cell cycle progression and induce apoptosis.

Ex-vivo use in RS-PDX models has shown significant efficacy in cell cycle arrest and induction
of apoptosis. These promising results were also observed in murine models, with a reduction
in tumor burden and consequently an increase in animal survival. Of note, VLS-101 showed
high selectivity as no clinical effects in RS9737, the only ROR1-negative model. Furthermore,
no toxic effects were observed in all treated mice.

Thanks to the contribution also of this work, a phase | clinical study is now testing VLS-101 in
RS and other hematological malignancies (NCT03833180). The results of this study have not

yet been made available.
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The second target explored by Vaisitti et al. in RS to be targeted with ADC is CD37, a
leukocyte surface antigen belonging to the tetraspanin family.?%4

This antigen is expressed at high levels in mature B cells and in their transformed
leukaemia/lymphoma counterpart. Since CD37 expression is peculiar in B cells and absent in
normal T cells, NK cells and plasma cells, it has recently been proposed as a target for the
treatment of CLL and DLBCL.2%>72%7 The surface expression of CD37, both in primary samples
and in established PDX models of RS, showed levels comparable to that observed in follicular
lymphoma cells and DLBCL. Specifically, the analysis of CD37 expression by flow cytometry
analysis and immunohistochemically staining in the PDX models showed that two of them
(RS1316 and IP867/17) were characterized by significantly higher expression than the other
two models (RS9737 and RS1050). The efficacy of three different anti-CD37 ADCs was
evaluated, all generated using amanitine as payload, a toxin that once internalized in CD37
positive cells binds RNA polymerase Il inhibits its activity and the cellular transcription.

Ex vivo treatment of RS cells with the three different anti-CD37 ADCs showed significant
induction of apoptosis in all PDX models and increased survival of single dose treated mice.
In addition, all three anti-CD37 ADCs showed high specificity and selectivity with no toxic
effects. The results of this work showed the pre-clinical efficacy of these anti-CD37 DCAs,
making it an attractive target for patients with RS.

Lastly, a recent work from my group demonstrated the pre-clinical efficacy of Duvelisib, a
dual PI3K&/y inhibitor, and the BLC-2 inhibitor, Venetoclax, in RS-PDX models expressing the
target molecules.??® Inhibition of PI3K by Duvelisib showed a downregulation of the AKT
signaling pathway and subsequent GSK3B activation, which causes the ubiquitination and
degradation of c-Myc and Mcl-1 via proteasome, making RS cells more sensitive to BCL-2

inhibition. Ex-vivo treatment of RS-PDX models with Duvelisib, Venetoclax and their
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combination showed a variable induction of apoptosis in RS-PDX models. Importantly, the
use of the two drugs in combination showed a significant effect in the induction of apoptosis
compared to the two single drugs. In in vivo models, treatment in combination led to a
significant reduction in tumor volume and increased survival of the mice, particularly in
RS1316 and IP867 the two best responsive models. Contrarily, RS9737, the fastest growing
model, has shown partial responses to the combination treatment. Finally, RS1050,
characterized by very low levels of PI3K-y and lacking Bcl-2, proved to be completely
resistant to treatment.?%® As demonstrated by the results of this work, preventive molecular
profiling of RS patients shows increased therapeutic efficacy, highlighting the preclinical
efficacy of Duvelisib and Venetoclax in combination in the treatment of RS. Notably, the
results of this work provided a rationale for the clinical use of Duvelisib in patients with RS,

in combination with the anti-PD1, Nivolumab (NCT03892044).
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Aim of the work

Since the metabolic reprogramming is a key process during cancer progression, my PhD
project focused on studying the connection between the BCR signalling pathway and NAD*
metabolism in Richter syndrome.

The aim of this work was to understand the metabolic dependencies of RS cells to identify
critical and actionable pathways for RS cells to exploit them therapeutically.

This work stems from the observation that BCR cross-linking in CLL is followed by an increase
in NAMPT expression and NAD* levels,?’ leading the way for the use of BCRi in combination
with NAMPTi. Furthermore, using the four PDX models we explored the preclinical efficacy
of OT-82, a novel NAMPT inhibitor in combination with Duvelisib, a PI3K §/y. Both OT-82
and Duvelisib are currently used in two clinical trials for the treatment of patients with

relapsed or refractory lymphoma (NCT03921879, NCT03892044).
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Materials and Methods

4.1 Reagents and antibodies

OT-82 was kindly made available by OncoTartis (Buffalo, NY); Duvelisib, FK866, Selisistat (EX-
527) and Thiomyristoyl (TM) were from Selleckchem (Munich, DE); Nicotinamide (NAM) and
Trichostatin A (TSA) were from Sigma-Aldrich (St. Louis, Missouri, US).

For western blot analyses the following primary antibodies were used: anti-p-Akt (Thr308)
(#4056), -p-AKT (Serd73) (#4060), -AKT (#2920S), -p-GSK3B (#5558), -GSK3B (#12456), -
PARP1 (#9532S), -Cleaved Caspase 3 (#9664S), -Caspase 3 (#9662), -SIRT1 (#8469S), -SIRT2
(#12672), -Acetyl-Histone H3 (Lys9) (#9649), -Histone H3 (#4499S), -Acetyl-Histone H4
(Lys16) (#13534), -Histone H4 (#2935), -Acetyl-a-Tubulin (Lys40) (#5335), -a-Tubulin (#3873),
-Acetylated-Lysine (9814S), -HSP90 (#4877), -B-Actin (#12620S) all from Cell Signaling
Technologies (Milan, IT). Anti-NAPRT (#90725) was from Merck (St. Louis, Missouri, US).
Anti-QPRT (#ab57125) and anti-NRK1(#ab169548) were both from Abcam (Cambridge, UK).
Anti-NAMPT (#A300-779A) is from Bethyl (Waltham, MA).

The following secondary antibodies were used: donkey anti-rabbit IgG-horseradish
peroxidase (HRP)- conjugated (GE Healthcare; Milan, IT), goat anti-mouse 1gG HRP-

conjugated (Perkin Elmer; Milan, IT).

4.2 RS-PDX Models
RS-PDX models were established and maintained as described by Vaisitti et al. 173
Briefly, RS cells (5 x 10%) were resuspended in Matrigel (Becton Dickinson, Milan, IT), injected

(double flank) into 8-week-old NOD/SCID/y-chain-/- (NSG) mice, and left to engraft. When a
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mass could be detected (volume of ~0.2 cm), animals were randomly assigned to 4 different
groups and treated by oral gavage for nine non-consecutive days (three rounds of
treatments and four stops) for three weeks with Vehicle (5% DMSO, 90% PEG300 and 5%
Tween 80 or 30% hydroxypropyl-b-cyclodextrin; all from Sigma-Aldrich), Duv (100 mg/Kg),
OT-82 (40 mg/Kg) or their combination. Four days before the start of treatment, animals
were fed a commercial niacin-free rodent diet (2018S, Harlan or rat and mouse premium
breeder diet 23% protein, Gordon’s Specialty Stockfeeds, Australia) or custom designed diets
(Harlan). During drug administration and after treatment discontinuation, mice were
monitored, and tumor masses regularly measured twice a week by caliper. Mice were
euthanized two days after the last treatment. The Institutional Animal Care and Use
Committee approved all the experiments involving mice. Mice were treated following the
European guidelines and with the approval of the Italian Ministry of Health (authorization

#664/2020-PR).

4.3 Ex-vivo treatment of RS cells
RS cells, freshly purified from tumor masses, were exposed to drugs for the indicated time
points, depending on the read-out considered. Specifically, we used: Duvelisib (5 uM; 24, 48
and 72 hours); OT-82 (0.625, 1.25 and 2.5nM; 24, 48 and 72 hours). All cells were maintained
in RPMI-1640 medium supplemented with 10% heat-inactivated fetal calf serum (FCS)
(referred to as “complete medium”) and penicillin/streptomycin (P/S, 100 IU/ml) plus one
additional antibiotic among gentamicin (10 mg/mL), kanamycin (50 mg/mL) and tylosin (8

mg/mL).
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4.4 RNA sequencing analysis
RNA sequencing analysis for RS-PDX models was performed as reported 13. RNA sequencing
on a cohort of primary RS samples was performed on RNA extracted from formalin-fixed
paraffin-embedded lymph nodes biopsies. RNA was purified with Qiagen Kit and RNA

sequencing performed using the total mRNA stranded Illumina kit.

4.5 RNA extraction and qRT-PCR
Total RNA was extracted using Qiagen Kit and retrotranscribed to cDNA using the High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher). gRT-PCRs were performed using
NAMPT, NMRK1, QPRT, B2M, CCL3 and MYC primers all obtained from Thermo Fisher
Scientific, expect for NAPRT and B2M primers obtained from Eurofins Genomics. For each
gene, expression levels were computed as a ratio of the number of copies of the target gene

over 105 copies of B2- microglobulin (B2M).

4.6 Western Blotting
Proteins were resolved by SDS-PAGE and transferred into a 0.2 um nitrocellulose Trans-Blot
Turbo Transfer membrane using the Trans-Blot Turbo Transfer System (all from Bio-Rad).
The optical density (OD) of the bands was determined with the Image Lab 3.0 software (Bio-
Rad Laboratories). Protein levels were normalized using the B-actin or non-phosphorylated

protein signal.
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4.7 Enzymatic assays
NAD* and ATP levels were measured using bioluminescent assay (NAD/NADH-Glo Assay and
CellTiter-Glo Luminescent Cell Viability Assay, Promega, Milan, IT). Both NAD* and ATP levels
were normalized on protein levels (RLU x pl/pg). Sirtuin activity was evaluated using a
fluorimetric assay (EP1018, Sigma-Aldrich, St. Louis, Missouri, US) and normalized on protein

levels (pmol/min/ pg).

4.8 Apoptosis evaluation and combination index

RS cells were cultured in vehicle (0.1% DMSO), Duvelisib, FK866, OT-82, Selisistat (EX-527)
and Thiomyristoyl (TM) or their combination (Duvelisib/OT-82, Duvelisib/FK866, Duvelisib/
Selisistat, Duvelisib/TM) for 24, 48 and 72 hours. Viability was then assessed by Annexin V-
APC Apoptosis Kit (Thermofisher, Milan, IT). Samples were analyzed by flow cytometry using
FACS Celesta (BD Bioscience, Franklin Lakes, NJ USA).

The synergistic effects on RS cells of the dual administration of Duvelisib/OT-82
(EDuvelisib/OT-82) compared to the single agents (EDuvelisib/EOT-82) in terms of apoptosis

induction were evaluated by calculating the combination index (Cl).18

4.9 Immunoprecipitation
500 mg of protein was precleared with immunoglobulin G—coated protein A magnetic
Sepharose beads (30 minutes, 4°C) from GE Healthcare (Milan, IT). Precleared lysates were
then incubated with anti-AKT-coated beads (3 hours, 4°C) using AKT (#2920S) from Cell
Signaling Technologies (Milan, IT). Imnmunocomplexes were then washed 3 times with a Tris
buffer (50 mM Tris, 150 mM NaCl, pH 7.5), eluted with sodium dodecyl sulfate 2%, and

analyzed by western blot.
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4.20 2D Electrophoresis (IEF/SDS-PAGE)
Cells were washed once with cell washing buffer (10 mM Tris-HCl, 250 mM sucrose, pH 7.0),
lysed in 2D Sample Solution (7M urea, 2M thiourea, 4% (w/v) CHAPS, 2% 3-10 NL IPG Buffer,
GE Healthcare), and incubated at room temperature for 20 mins. Samples were centrifuged
(13’000 for 15 mins) and quantified. We prepared the sample mix with 100 ug of lysate, 5 pl
of DTT, 2.5 ul of 3-10 NL IPG Buffer, 1.42 ul of Destreak Reagent (GE Healthcare) and added
RH Buffer (7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 0.002% bromophenol blue) to 125 pl.
Supernatants were then removed and layered in the equilibration tray, and the 3-10 NL 7-cm
IPG strips were placed on top of them and left rehydrating, covered in mineral oil to prevent
drying. After 18 hours of incubation, the strips were removed and placed in the focusing tray
of the PROTEAN i12 for the first dimension IEF, again covered in mineral oil. the strips were
incubated in 1% DTT in Equilibration Buffer (6 M Urea, 2% SDS, 0.05 M, 20% glycerol, Tris-
HCI, pH 8.8) and then in 2.5% iodoacetamide in Equilibration Buffer, both for 15 mins, while

rocking. The second dimension was performed as described in western blot.

4.11 Gene silencing
For sirtuins silencing we used freshly isolated RS cells (6x10°) transfected with validated
siRNA for SIRT1 (sc-40986), SIRT2 (sc-40988) or scramble siRNA (sc-37007), obtained from
Santa Cruz Biotechnology (Dallas, Texas, US) using the NEPA21 Super Electroporator
(Nepagene, Chiba, Japan). Following transfection, RS cells were cultured in complete
medium, and harvested at 24h for protein and RNA extraction, or treated with Duvelisib for

24 and 48 hours.
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4.12 Immunohistochemistry
For IHC staining, anti-Cleaved Caspase-3 antibody (#9664S) from Cell Signaling Technologies
(Milan, IT) was used to detect RS cells, followed by an anti-mouse HRP-conjugated antibody
and 3,3’-diaminobenzidine (EnVision™ System, Dako) to visualize the reaction. Slides were
analyzed using an AXIO Lab.A1l microscope (Zeiss), equipped with a Canon EOS600D reflex

camera and the images acquired using the ZoomBrowserEX software (Canon).
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Results

5.1 NAD" biosynthetic pathways in RS
NAD* is a vital molecule for regulating redox reactions, as well as the activity of intracellular
and extracellule NAD-dependent enzymes. Its biosynthesis is controlled through the activity
of four rate-limiting enzymes, namely NAMPT, which controls the biosynthetic pathway from
nicotinamide, NRK, from nicotinamide riboside, NAPRT, from niacin and QPRT from
tryptophan, considered the only de novo pathway. By using RNA sequencing data from a
cohort of 14 primary RS samples and 4 RS-PDX models (RS9737, IP867/17, RS1316, and
RS1050), we show that NAMPT is invariably expressed by all samples, while NRK and NAPRT
show heterogeneous levels (Figure 1A). QPRT constitutive expression is low to undetectable,
supporting the notion that de novo biosynthesis does not occur in lymphocytes.3
Expression data were confirmed in RS-PDX samples at both transcript and protein levels
(Figure 1B), clearly showing that NAMPT protein levels are elevated in all 4 models.
Intriguingly, RS9737 and RS1316 cells show high constitutive expression of NAPRT, an
enzyme associated to intrinsic resistance to treatment with NAMPT inhibitors in different

cancer models.%*

5.2 NAMPT is dynamically modulated upon BCR signaling
We next investigated the effects of BCR signaling on NBE expression in RS cells, using RS-PDX
cells obtained from mice and cultured for up to 4 days. Ligation of the BCR using plate-bound
anti-lgM antibodies was followed by significant increase in NAMPT mRNA and protein levels
after 24 hours of IgM stimulation (Figure 2A). Correct activation of the BCR pathway was
confirmed by showing increased expression of both CCL3 and MYC, known downstream

effectors 29 (Figure 3A-B). It is important to note that in these conditions no statistically
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significant changes in NMRK and NAPRT expression levels could be observed, confirming that
NAMPT is the enzyme that responds to environmental needs (Figure 3C-D).

NAMPT up-regulation was completely inhibited by treating RS cells with the PI3K &/y
inhibitor Duvelisib, which effectively blocks BCR signaling (Figure 2A-B). In line with previous
observations, treatment with Duvelisib at 5 uM for 24 hours did not induce apoptosis.?®
Consistent with NAMPT upregulation, cellular NAD* levels were markedly increased 24 hours
after BCR ligation compared to unstimulated cells in all 4 RS models (Figure 2C). Increased
bioavailability of NAD* levels fuelled activity of NAD-dependent sirtuins, as documented
using a sirtuin activity assay (Figure 2D). Pre-treatment of cells with duvelisib completely
inhibited this effect, implying that it is specifically related to BCR activation (Figure 2C-D).
These findings highlight a molecular circuit connecting BCR activation to NAD* biosynthesis

through NAMPT upregulation, in turn positively affecting activity of NAD-dependent situins.

5.3 Functional cooperation between NAMPT and PI3K&/y inhibitors
Given the functional link between BCR signalling and NAMPT expression, we evaluated the
effects of the combination of dual PI3K (with Duvelisib) and NAMPT (with OT-82) inhibitors,
using ex vivo cultured RS-PDX cells. For Duvelisib, we used a non-lethal concentration (5
uM), while for OT-82, we performed a dose-escalation assay (0.625 nM, 1.25 nM, 2.5 nM)
and observed a significant decrease in cell viability, as determinate by APC-Annexin V/PI
staining after both 48 and 72 hours of treatment (Figure 4A-B), in line with a decrease in
NAD* and ATP levels after 24 and 48 hours (Figure 4C-D). As expected, on the basis of
enzyme expression, RS9737 and RS1316 were partially resistant to OT-82, confirming that
NAPRT can compensate for NAMPT block.>” On the other hand, IP867 and RS1050, which

were NAPRT-negative, showed significant apoptosis already at the lowest dose (0.625 nM).
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Exposure to the combination of PI3Ki (Duvelisib, 5uM) and NAMPTi (OT-82, 2.5nM for
RS9737 and RS1316; 0.625nM for RS1050 and IP867/17) for 48 and 72 hours induced a
strong reduction in cell viability, compared to both drugs used alone.

On average, viability in combined treatment samples dropped to 50% after 48 hours (Figure
5A) and to 20% after 72 hours (Figure 4B), without differences based on NAPRT expression.
By calculating the combination index (ClI) of Duvelisib and OT-82 co-treatment, we
highlighted a strong synergic effect (Cl<1) in all RS-PDX models (Figure 5C). These results
were confirmed by showing that FK866, a different and well-known NAMPTi, showed
overlapping apoptotic responses alone and in combination with Duvelisib (Figure 6A-D).

In line with apoptosis data, we observed higher levels of cleaved Caspase 3 and PARP1 in the
combination treatment compared to single treatments (Figure 5D). Taken together, these
results highlight a synergy between PI3K&/y and NAMPT inhibitors in RS cells in inducing

apoptosis, independently of the underlying genetic lesions and of the expression of NAPRT.

5.4 PI3Ki and NAMPTi converge on AKT in fully blocking the BCR signalling pathway
Examining potential convergence points to explain the synergy between Duvelisib and OT-
82, we focused on AKT, a central effector in the BCR signalling pathway. To achieve full
activation, AKT needs to be phosphorylated at different amino acid residues, an event
mediated by the PI3K and deacetylated at lysines 14 and 20 (K14/20), a second post-
translational modification regulated by sirtuins. AKT acetylation at specific lysine residues
suppresses its activity by preventing its PIP3-mediated recruitment at the inner leaflet of the
plasma membrane. SIRT-mediated deacetylation of K14/20 is a necessary step for its
activation.?%%21% Several studies have demonstrated how NAD* depletion via NAMPT

inhibition results in the decrease in PIP3-bound and phosphorylated AKT levels.21212
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For these reasons, we investigated BCR-mediated AKT activation upon NAMPT and PI3K
inhibition. Upon BCR crosslinking, AKT was robustly phosphorylated at both Thr308 and
Ser473 in all RS models, an event that was partially blocked in the presence of OT-82 or of
Duvelisib, with their combination being the most effective in blocking AKT activation.
Consistently, also the activation of GSK3b, which is directly downstream of AKT was
significantly blocked with combination treatment (Figure 7A).

To validate the hypothesis of a sirtuin-dependent activation of AKT we performed
immunoprecipitation experiments, followed by western blotting using an anti-acetyl-lysine
residue, demonstrating that the active form of AKT is de-acetylated (Figure 7B).
Pre-treatment of cells with OT-82 increased the levels of AKT acetylation, consistent with
effective sirtuin inhibition and indicating that the molecule is inactive (Figure 7B). By using
2D WB for total AKT, we show four AKT-immunoreactive spots: by using the acetyl-lysine
blot signal, we identified the first one on the right as AKT without any post-translational
modifications, the second one to singly modified AKT (either acetylated or phosphorylated),
and the third and fourth as doubly- and triply-modified AKT molecules (Figure 7C).

As shown by the WB (Figure 7D), the levels of p-AKT (both p-Thr308 and p-Ser4d73)
decreased upon treatment and, at the same time, proteome-wide acetylation levels
increased, shown by the increasing acetyl-a-tubulin signal. Correspondingly, in the 2D blot
we observed a shift in intensity, upon treatment, towards the spots on the left, which
correspond to AKT, either at a single or double lysine residue, corresponding to its inactive
form.

5.5 SIRT1 or SIRT2 inhibition of in combination with Duvelisib leads to increased apoptosis
AKT acetylation is regulated through the activity of SIRT1, which deacetylates AKT at lysines

14 and 20, and SIRT2, which deacetylates AKT at lysine.20%-213
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Both these enzymes are expressed by primary RS cells and by the PDX models, as verified by
RT-PCR and western blotting (Figure 8A). Treatment of RS cells with either SIRT1-specific
(Selisistat, EX-527) or SIRT2-specific [Thiomyristoyl (TM)] inhibitors triggered a potent
apoptotic response after 72 hours of treatment, which was further increased by the addition
of Duvelisib (Figure 8B). In line with these findings, genetic knock-down of either SIRT1 or
SIRT2, markedly reduced cell viability, particularly in the presence of Duvelisib (Figure 8C).
Consistently, exposure to the combination of a SIRT inhibitor and of Duvelisib completely
blocked AKT activation. Similar results were obtained using genetic silencing of both

enzymes (Figure 8D-E).

5.6 In vivo combination of OT-82 and Duvelisib treatments induce a significant block in
tumor growth and reduction in cellular sirtuins activity

The efficacy of the PI3Ki/NAMPTi drug combination was then validated using our RS-PDX
models. RS cells were subcutaneously injected in 8-week-old male NSG mice and left to
engraft until tumor masses were at least 0.2 cm3. Mice were then randomized in 4 groups
and treated for three weeks with vehicle, OT-82 (40mg/kg), Duvelisib (100mg/kg) or the
combination of both drugs.?%

Treatments were administered for three consecutive days, leaving a 4 day-washout period
between treatment cycles. To increase the efficacy of OT-82 in vivo, two days before starting
the treatment we substituted the regular mice diet, supplemented with 115 mg/kg of niacin,
with a custom diet containing 30 mg/kg of niacin, as previously described.?%*

At the end of the treatment, mice were sacrificed, and tumor masses recovered. In all the RS
models we could already noticed that the combination treatment was more effective than

the individual treatment measuring volume and weight of the masses (Figure 9-12A-B). We
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then performed APC-Annexin V/PI apoptosis assay to evaluate the viability of the recovered
cells, which again showed that the viability of RS-PDX cells was remarkably reduced in the
masses treated with the drug combination (Figure 9-12C). We also evaluated NAD* and ATP
levels in the isolated RS-PDX cells. Our measurements confirmed the results obtained in
vitro: NAD* and ATP levels were drastically decreased by the combination of dual PI3Ki and
NAMPTI, in line with the more robust apoptosis observed in these samples (Figure 9-12D-E).
Sirtuin activity was also measured and again confirmed the in vitro findings, with the activity
of the deacetylases maximally reduced upon combination treatment (Figure 9-12F). Finally,
to corroborate the flow cytometry apoptosis data, we also performed
immunohistochemistry assay for cleaved Caspase 3 on representative tissue samples. As
expected, we observed, a predominant increase in cleaved Caspase 3 in mice treated with
the combination of the two drugs (Figure 9-12G). These in vivo results confirmed how the
combined use of these two drugs is much more effective than the individual treatments in

reducing tumor progression.
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Discussion

This work identifies for the first time a possible therapeutic role for the NAMPT inhibitor OT-
82 in PDX models of Richter’s syndrome. NAMPT is an inhibitor of the NAM pathway of NAD*
synthesis and a promising tumor target. It has been extensively studied as an anti-tumor
target in several different clinical trials, which, however, were marred by the occurrence of
severe side effects, including thrombocytopenia and gastrointestinal toxicity.

The modest success of NAMPT inhibitors as monotherapy in cancer patients, may be
explained by the activation of rescue pathways that can overcome NAMPT block and restore
NAD* levels through alternative routes. Most important in this context is NAPRT, the rate-
limiting enzyme in the metabolism of dietary NA into NAD*.

In this work, we show activity of the novel OT-82 NAMPT inhibitor in combination with a
PI3K inhibitor, demonstrating anti-tumor activity independently of NAPRT or NRK
expression.

Notably, OT-82 has shown both tissue and cancer specificity in hematological tumors, and no
adverse effects in murine models of disease compared to first-generation NAMPTis.102.103

In addition, several clinical trials are currently underway in patients with RS, in which the
efficacy of several BCR pathway inhibitors is being evaluated, including the dual PI3K
inhibitor, Duvelisib (NCT03892044),190-192

However, patients with RS are often unresponsive and develop resistance to treatments
used as monotherapy, probably due to a more complex genetic background or karyotype,
which cause these cells to be more aggressive. Therefore, combining BCR pathway inhibitors
with other drugs targeting different molecular pathways could be an effective strategy to

overcome resistance.
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Building upon these findings, we decided to characterize the reciprocal crosstalk between
NAD* metabolism and BCR signaling using our RS-PDX models, which have proved to be
valuable for the discovery of new therapeutic strategies for RS.1%7,203

The analysis of the expression data, both in primary RS samples and in RS-PDX models, of the
four different NAD* biosynthetic enzymes showed that NAMPT is significantly more
expressed than the other enzymes, although its expression levels are heterogeneous.

Of note, upon BCR cross-linking we observed a marked increase in NAMPT expression in all
RS-PDX models. In contrast, the expression of NAPRT and NMRK does not appear to be
modulated by the activation or inhibition of BCR signaling in RS cells, as expected given their
ubiquitous expression pattern.214-216

These results suggest that NAMPT is the rate-limiting enzyme in NAD* biosynthesis in RS
cells. Many of the effects stemming from NAMPT upregulation, and the subsequent increase
in NAD* levels, are mediated by the increase in the deacetylating activity of sirtuins on their
protein targets.?’

From this point of view, NAMPT is considered the main regulator of sirtuin activity. On the
one hand, it is able to generate NAD* from NAM, which is necessary for the activity of these
enzymes. On the other, NAM is a well-established non-competitive inhibitor of the end
product of the sirtuin family.

Sirtuins apparently play contradictory roles in cancer: on one hand, some sirtuins influence
cellular responses to genomic instability by regulating the cell cycle, DNA repair, cell survival,
and apoptosis, thus having critical roles in cancer progression and metastasis.?1”:218
Specifically, SIRT1 can induce chromatin silencing and regulates a wide variety of biological

processes and cellular functions by deacetylating a large number of non-histonic proteins,

including AKT.?13 SIRT2 is also a key regulator of multiple physiological pathways. In the

64



PhD thesis Vincenzo Gianluca Messana

cytoplasm, where it is predominantly localized, SIRT2 acts on a variety of substrates, among
these it also activates AKT by deacetylating it at the same lysine residues as SIRT1.°0 In
addition, SIRT2 can transiently translocate to the nucleus during the G2/M transition to
regulate the mitotic chromosome segregation through the deacetylation of histone H4 at
Lys16.74

In some types of cancer, SIRT3 functions as a tumoral promoter since it keeps ROS levels
under a certain threshold compatible with cell viability and proliferation. On the contrary,
other studies describe SIRT3 as a tumoral suppressor, as SIRT3 could trigger cell death under
stress conditions. Thus, SIRT3 could have a dual role in cancer.83

The mitochondrial sirtuins, SIRT4 and SIRT5, can regulate cell-cycle progression, genomic
fidelity in response to DNA damage and are involved in metabolic reprogramming. Different
evidence that SIRT4 is a tumor suppressor, in fact, it is downregulated in most cancer types,
and loss of it increases the risk of spontaneous tumors throughout life.?*®> While, SIRT5, as
well as, SIRT6 impact in cancer biology in a context-specific manner, in some situations,
promoting cancer cell survival and proliferation and, in others, functioning to restrict cancer
growth.? SIRT7 is involved in diverse cellular processes, including energy homeostasis,
chromatin regulation, gene regulation and ribosome biogenesis. The importance of SIRT7 in
DNA damage repair suggests that this enzyme might function as a tumor suppressor.
However, SIRT7 is overexpressed in various cancers. Thus, SIRT7 might have opposing effects
on cancer initiation and progression.?%°

Several different studies have highlighted the central role of SIRT1 and SIRT2 in
hematological malignancies and the overexpression of SIRT1 and SIRT2 has also been
reported in CLL and DLBCL. Elevated SIRT1 expression is associated with poor prognosis in

CLL, AML, CML, and DLBCL.221.222
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Promising results have also been obtained from studies investigating the therapeutic
potential of sirtuin inhibitors both in solid and hematological neoplasia. The SIRT1 inhibitor
Selisistat exhibited a strong anti-proliferative effect in multiple leukemia cell lines, while the
antitumor activity of the SIRT1/2 inhibitor cambinol has been demonstrated on BCL6-
expressing Burkitt lymphoma cells and xenografts.?23224

Sirtinol, a SIRT1 inhibitor, treatment induced growth arrest and apoptosis in human breast
cancer cells, lung cancer cells, and leukemic cells, and led to increased sensitivity to
chemotherapy in prostate cancer cell lines.?2>2%7

Lastly, the SIRT2 inhibitor TM strongly reduced the viability of leukemic cell lines compared
to non-hematopoietic cancer cell lines.”*

Together, these and other studies support SIRT1 and SIRT2 inhibition as a promising
therapeutic vulnerability in solid and hematological cancers. However, the translation of in
vitro and in vivo results into small molecule sirtuin inhibitors with the potential to be tested
in clinical trials has been hampered by a variety of difficulties, among them the lack of
isoform specificity, limited potency and bioavailability, and poor pharmacokinetics and
pharmacodynamic of the candidates advanced to the trial stage. 22822°

In fact, no sirtuin inhibitors have been approved for clinical trials for the treatment of solid
and hematological cancers. Some of the possible explanations are that sirtuins could be
redundant in their actions, with significant overlaps in substrate specificity; or that, since
some of their cellular roles are not dependent on enzymatic activity, enzymatic inhibition
alone exhibits only moderate efficacy.

Based on these considerations and observations, it is reasonable to speculate that reducing
NAD* levels, through NAMPT inhibition, could have a polypharmacological effect on the

activity of the whole sirtuin family, in turn modulating their targets, including AKT.
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In fact, treatment with SIRT1 or SIRT2 inhibitors has been observed to negatively regulate
AKT activation in several disease models,20%,210,230-232

Activation of Akt occurs through its binding to phosphatidylinositol 3,4,5-trisphosphate
(PIP3), where the Pleckstrin homology domain (PH) is modified. These modifications allow its
translocation from the cytosol to the membrane and its activation due to the
phosphorylation at Thr308 and Ser473 by the upstream kinase, phosphoinositide-dependent
protein kinase 1 (PDK1).233 Acetylation of the PH domain at specific residues, lysines 14 and
20, neutralizes their positive charge by affecting their structure and rendering them unable
to bind to PIP3.234

Given the convergency of NAD* metabolism and BCR signaling, via PI3K, on AKT, in this study,
we explored the potential targeting synergy arising from BCR signaling inhibition via
Duvelisib combined with OT-82-mediated NAMPT inhibition in RS. The dual treatment
induces strong apoptosis in vitro in all the RS-PDX models tested. We also confirmed the
same finding in vivo, observing a striking tumor regression in all RS-PDX models,
independently of their genetic background.

Of note, OT-82-treated mice showed a significant response compared to duvelisib treatment
alone, highlighting the key role of NAD* metabolism in RS. Importantly, we showed that the
combined administration of Duvelisib and OT-82 converges on AKT activation, through the
modulation of SIRT1/2 activity obtained by decreasing NAD* levels (Figure 13).

We also highlighted the critical role that SIRT1 and SIRT2 play in RS cells, especially when
they are targeted in combination with BCR signaling, either by pharmacologically inhibiting
their activities or by silencing their expression using siRNA. It must be noted that, although
we corroborated the role of AKT in the synergy established between OT-82 and Duvelisib, we

cannot in principle exclude that the depletion of NAD* through NAMPT inhibition also has an
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impact on multiple other targets and pathways, which could also play a role in this context.
For example, SIRT1 has been reported to induce c-Myc overexpression, while SIRT2
promotes tumor growth by increasing c-Myc stabilization.”®

Further studies are needed also to address the specific role of individual sirtuins, besides
SIRT1 and SIRT2, in RS cells.

In conclusion, our data emphasize the crucial nature of NAMPT as the main NAD*
biosynthetic enzyme and prove how NAD* levels, especially in the context of BCR inhibition,
are a potential metabolic Achilles' heel of RS, which could be exploited therapeutically. OT-
82 and Duvelisib cooperate in turning off central pro-neoplastic cellular pathways, which
promote RS proliferation and survival, and their co-administration should be further

investigated and potentially translated to clinical applications.
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Figure 1. Expression of NAD?* Biosynthetic Enzymes (NBEs) in Richter Syndrome.

(A) NBEs expression obtained from RNA-sequencing data (RNA Seq) in a cohort of 14 primary samples and 4 RS-PDX models
(RS9737, IP867/17, RS1316 and RS1050) taken at different passages. The data show the expression of NAMPT (red), NMRK
(green), NAPRT (blue) and QPRT (orange) as a scattered plot with mean + SEM. (B) qRT-PCR analysis and Western blot
panels showing NAD* machinery expression in the available RS-PDX models (RS9737, IP867/17, RS1316, RS1050). The
expression of messenger RNA is normalized to B-2-microglobulin (B2M). Actin was used as a loading control in western blot.
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Figure 2. BCR engagement induces an increase expression and activity of NAMPT modulating NAD" levels and sirtuins
activity in RS cells.

RS cells, freshly purified from tumor masses, were stimulated with a polyclonal anti-IlgM for 24 hours in presence or not of
Duvelisib, as indicated by the legend. (A) gRT-PCR analysis showing expression of NAMPT in RS cells. Messenger RNA
expression is normalized over B-2-microglobulin (B2M). (B)Western blots data showing the expression of NAMPT. Actin was
used as a loading control in western blot. (C) Box plots representing NAD* luminescence. NAD? levels was normalized on
protein levels (RLU x pl/pug; x10%). (D) Sirtuin activity analysis in RS cells. The specific activity of sirtuins was calculated by
performing B/ T*S (pmol/min/ pg) and was normalized on protein levels. Statistical analysis was performed using a multiple
Student t test; *P <0,05, **P <0,01 ***P<0,001****P<0,0001.
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Figure 3. BCR activation in RS cells do not modulate the other NAD* biosynthetic enzymes.

RS cells, freshly purified from tumor masses, were stimulated with a polyclonal anti-lgM for 24 hours in presence or not of
Duvelisib, as indicated by the legend. (A-D) qRT-PCR analysis showing expression of CCL3, MYC, NMRK1 and NAPRT in RS
cells. Messenger RNA expression is normalized over B-2-microglobulin (B2M). Statistical analysis was performed using a
multiple Student t test; *P <0,05, **P <0,01 ***P<0,001****P<0,0001.
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Figure 4. OT-82 decrease cell viability and NAD* levels in RS cells dose-escalation manner.

(A-B) Analyses of the percentage of apoptotic cells, obtained by flow cytometry, after ex vivo incubation of RS cells for 48
and 72 hours with vehicle (black), OT-82 (0.625nM, 1.25nM, 2.5nM). Box plots of apoptotic data show the distribution of
values: median, interquartile range, minimum and maximum values. (C-D) Box plots representing NAD* luminescence at 24

and 48 hours. NAD* levels was normalized on protein levels (RLU x pl/pg; x104). Statistical analysis was performed using
paired Student t test; *P <0,05, **P <0,01 ***P<0,001****P<0,0001.
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Figure 5. Induction of apoptosis in RS cells ex vivo treated with OT-82, Duvelisib and their combination.

(A-B) Analyses of the percentage of apoptotic cells, obtained by flow cytometry, after ex vivo incubation of RS cells for 48
and 72 hours with vehicle (black), OT-82 (2.5nM for RS9737 and RS136; 0.625nM for RS1050 and I1P867/17) (green),
Duvelisib (blue), and their combination (red). Box plots of apoptotic data show the distribution of values: median,
interquartile range, minimum and maximum values. (C) Cl analysis. Cl was calculated using the Bliss Independence model to
compute the effect of OT-82 and Duvelisib combination. Synergistic effect is defined as Cl less than 1 (green), while additive
effect is Cl around 1 (black) and antagonist effect is CI more than 1 (red). (D) Expression levels of cleaved (Cl.) and total
Caspase-3 and PARP1 in RS cells after treatment with OT-82, Duvelisib, and their combination. Data from at least 3
independent experiments. Statistical analysis was performed using paired Student t test; *P <0,05, **P <0,01
***¥p<0,001****p<0,0001.
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Figure 6. Induction of apoptosis in RS cells ex vivo treated with FK866, Duvelisib and their combination.

(A-B) Analyses of the percentage of apoptotic cells, obtained by flow cytometry, after ex vivo incubation of RS cells for 48
and 72 hours with vehicle (black), FK688 (25nM for RS9737 and RS136; 6.25nM for RS1050 and IP867/17) (green), Duvelisib
(blue), and their combination (red). Box plots of apoptotic data show the distribution of values: median, interquartile range,
minimum and maximum values. (C) Cl analysis. Cl was calculated using the Bliss Independence model to compute the effect
of FK866 and Duvelisib combination. Synergistic effect is defined as Cl less than 1 (green), while additive effect is Cl around
1 (black) and antagonist effect is Cl more than 1 (red). (D) Expression levels of cleaved (Cl.) and total Caspase-3 and PARP1
in RS cells after treatment with FK866, Duvelisib, and their combination. Data from at least 3 independent experiments.
Statistical analysis was performed using paired Student t test; *P <0,05, **P <0,01 ***P<0,001****P<0,0001.
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Figure 7. Synergism between PI3Ki and NAMPTi converges in downmodulating AKT signaling.

(A) Expression levels and activation status of AKT and GSK3p in RS cells after ex-vivo stimulation with at polyclonal anti-lgM
for 5 minutes and pre-treatments for 24 hour with OT-82, Duvelisib, their combination, or dimethyl sulfoxide (DMSO). (B)
Anti-AKT immunoprecipitation followed by immunoblotting for Anti-Acetylated lysine, p-AKT(Thr308) or p-Akt (Ser473),
AKT, in RS cells after ex-vivo stimulation with polyclonal anti-IgM for 24 hours and treated with OT-82(0.625 or 2.5 nM), TSA
(40uM) and NAM (200 mM) and their combination, or DMSO. Actin was used as a loading control in input samples. (C-D)
IEF/SDS-PAGE 2D electrophoresis and its 2D blot followed by immunoblotting p-AKT(Thr308) or p-Akt (Ser473), AKT, Acetyl-
a-Tubulin. HSP90 and Actin was used as a loading control in IEF/SDS-PAGE 2D and western blot, respectively.
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Figure 8. Effect of SIRT1/2 modulation in RS-PDX models.

(A)Expression of SIRT1 and SIRT2 obtain from RNA-sequencing (RNA Seq) data in a cohort of 14 primary samples and 4 RS-
PDX models (RS9737, IP867/17, RS1316, and RS1050) take at different passages. Data report the expression of SIRT1 (gold),
and SIRT2 (pink) as scattered plot with mean + SEM. gRT-PCR analysis showing expression of SIRT1 (gold) and SIRT2 (pink) in
RS cells. Messenger RNA expression is normalized over B-2-microglobulin (B2M). Western blot panels showing expression of
SIRT1 and SIRT2 in the available RS-PDX models (RS9737, IP867/17, RS1316, RS1050). Actin was used as a loading control.
(B) Percentage of viable RS cells after 72 hours of treatment with vehicle (black), Selisistat (gold), TM (pink), Duvelisib
(orange) and their combination (fill pattern gold and pink). Box plots of apoptotic data show the distribution of values:
median, interquartile range, minimum and maximum values. (C) Percentage of viable RS cells after nucleofection with short
interfering RNA for SIRT1 (gold), SIRT2 (pink), or control (white) and then treated with Duvelisib (fill pattern) for 48 hours.
Box plots of apoptotic data show the distribution of values: median, interquartile range, minimum and maximum values.
(D) Expression levels and activation status of AKT in RS cells after ex-vivo stimulation with at polyclonal anti-IlgM for 5
minutes and pre-treatments for 24 hour with Selisistat, TM, Duvelisib, their combination, or dimethyl sulfoxide (DMSO). (E)
Expression levels and activation status of AKT in RS cells after nucleofection with short interfering RNA for SIRT1 (gold),
SIRT2 (pink), or control (white). Actin was used as a loading control. Data from at least 3 independent experiments. Actin
was used as a loading control. Statistical analysis was performed using paired Student t test; *P <0,05, **P <0,01
***p<0,001****P<0,0001.
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Figure 9. Tumor growth kinetics of RS9737 SC models treated with OT-82, Duvelisib, and their combination.

(A) RS cells were subcutaneously injected into both flanks of NSG mice. After palpable tumors were evident (tumor volume
of 0.2 cm3), animals were randomly assigned to vehicle, OT-82 40 mg/kg, Duvelisib 100 mg/kg, or their combination. 2 days
before starting the treatment we substituted the regular mice diet, with a custom diet lower of Niacin. Drugs were OG
administered for three consecutive days as indicated by arrows (Tx), leaving a 4 day-washout period between treatment
cycles. Tumor masses were measured using a digital caliper. Left panels display mean and standard error of the mean
values for tumor masses with data evaluated using the multiple-sample Paired t tests. Center panels display individual
mean and standard deviation values for tumor masses at the end of treatment on days 25 with data evaluated using Paired
t tests. Right panels display the percentage of viable RS cells at the end of treatment with vehicle (black), OT-82 (green),

Duvelisib (blue), and their combination (red). Data are reported as mean 6 SEM. (B) NAD™ levels, ATP levels and Sirtuin
activity of RS cells at the end of treatment. NAD" levels was normalized on protein levels (RLU x pl/pg; x10%). ATP levels was
normalized on protein levels (RLU x mL/mg; x10°). Sirtuin activity was calculated by performing B/ T*S (pmol/min/ ug) and
was normalized on protein levels. Statistical analysis was performed using a multiple Student t test; *P <0,05, **P <0,01
***¥p<0,001****P<0,0001. (C) Expression level of cleaved (Cl.) Caspase-3 signal, obtained by immunohistochemistry
performed on tumor masses, represented as percentage of positive area (magnification x20 and x40).
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Figure 10. Tumor growth kinetics of R$1316 SC models treated with OT-82, Duvelisib, and their combination.

(A) RS cells were subcutaneously injected into both flanks of NSG mice. After palpable tumors were evident (tumor volume
of 0.2 cm3), animals were randomly assigned to vehicle, OT-82 40 mg/kg, Duvelisib 100 mg/kg, or their combination. 2 days
before starting the treatment we substituted the regular mice diet, with a custom diet lower of Niacin. Drugs were OG
administered for three consecutive days as indicated by arrows (Tx), leaving a 4 day-washout period between treatment
cycles. Tumor masses were measured using a digital caliper. Left panels display mean and standard error of the mean
values for tumor masses with data evaluated using the multiple-sample Paired t tests. Center panels display individual
mean and standard deviation values for tumor masses at the end of treatment on days 25 with data evaluated using Paired
t tests. Right panels display the percentage of viable RS cells at the end of treatment with vehicle (black), OT-82 (green),

Duvelisib (blue), and their combination (red). Data are reported as mean 6 SEM. (B) NAD™ levels, ATP levels and Sirtuin
activity of RS cells at the end of treatment. NAD" levels was normalized on protein levels (RLU x pl/pg; x10%). ATP levels was
normalized on protein levels (RLU x mL/mg; x10°). Sirtuin activity was calculated by performing B/ T*S (pmol/min/ ug) and
was normalized on protein levels. Statistical analysis was performed using a multiple Student t test; *P <0,05, **P <0,01
***¥p<0,001****P<0,0001. (C) Expression level of cleaved (Cl.) Caspase-3 signal, obtained by immunohistochemistry
performed on tumor masses, represented as percentage of positive area (magnification x20 and x40).
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Figure 11. Tumor growth kinetics of RS1050 SC models treated with OT-82, Duvelisib, and their combination.

(A) RS cells were subcutaneously injected into both flanks of NSG mice. After palpable tumors were evident (tumor volume
of 0.2 cm3), animals were randomly assigned to vehicle, OT-82 40 mg/kg, Duvelisib 100 mg/kg, or their combination. 2 days
before starting the treatment we substituted the regular mice diet, with a custom diet lower of Niacin. Drugs were OG
administered for three consecutive days as indicated by arrows (Tx), leaving a 4 day-washout period between treatment
cycles. Tumor masses were measured using a digital caliper. Left panels display mean and standard error of the mean
values for tumor masses with data evaluated using the multiple-sample Paired t tests. Center panels display individual
mean and standard deviation values for tumor masses at the end of treatment on days 25 with data evaluated using Paired
t tests. Right panels display the percentage of viable RS cells at the end of treatment with vehicle (black), OT-82 (green),

Duvelisib (blue), and their combination (red). Data are reported as mean 6 SEM. (B) NAD™ levels, ATP levels and Sirtuin
activity of RS cells at the end of treatment. NAD" levels was normalized on protein levels (RLU x pl/pg; x104). ATP levels was
normalized on protein levels (RLU x mL/mg; x10°). Sirtuin activity was calculated by performing B/ T*S (pmol/min/ ug) and
was normalized on protein levels. Statistical analysis was performed using a multiple Student t test; *P <0,05, **P <0,01
**%Pp<0,001****P<0,0001. (C) Expression level of cleaved (Cl.) Caspase-3 signal, obtained by immunohistochemistry
performed on tumor masses, represented as percentage of positive area (magnification x20 and x40).
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Figure 10. Tumor growth kinetics of IP867/17 SC models treated with OT-82, Duvelisib, and their combination.

(A) RS cells were subcutaneously injected into both flanks of NSG mice. After palpable tumors were evident (tumor volume
of 0.2 cm3), animals were randomly assigned to vehicle, OT-82 40 mg/kg, Duvelisib 100 mg/kg, or their combination. 2 days
before starting the treatment we substituted the regular mice diet, with a custom diet lower of Niacin. Drugs were OG
administered for three consecutive days as indicated by arrows (Tx), leaving a 4 day-washout period between treatment
cycles. Tumor masses were measured using a digital caliper. Left panels display mean and standard error of the mean
values for tumor masses with data evaluated using the multiple-sample Paired t tests. Center panels display individual
mean and standard deviation values for tumor masses at the end of treatment on days 25 with data evaluated using Paired
t tests. Right panels display the percentage of viable RS cells at the end of treatment with vehicle (black), OT-82 (green),

Duvelisib (blue), and their combination (red). Data are reported as mean 6 SEM. (B) NAD" levels, ATP levels and Sirtuin
activity of RS cells at the end of treatment. NAD" levels was normalized on protein levels (RLU x pl/pg; x10%). ATP levels was
normalized on protein levels (RLU x mL/mg; x10°). Sirtuin activity was calculated by performing B/ T*S (pmol/min/ ug) and
was normalized on protein levels. Statistical analysis was performed using a multiple Student t test; *P <0,05, **P <0,01
***p<0,001****p<0,0001. (C) Expression level of cleaved (Cl.) Caspase-3 signal, obtained by immunohistochemistry
performed on tumor masses, represented as percentage of positive area (magnification x20 and x40).
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Figure 13: Representation of the molecular mechanism being the synergy between Duvelisib and OT-82.

Activation of the BCR receptor positive modulate PI3K/AKT/NAMPT/SIRT1-SIRT2 axis. Duvelisib treatment decrease AKT
phosphorylation and NAMPT expression, resulting in reduced SIRT1 and SIRT2 activity. The concomitant inhibition of OT-82
further sustain the drop in SIRT1 and SIRT2 activity followed thought an increase in AKT acetylation improving RS cells

apoptosis.
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