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PREFACE

The work presented in this thesis was performed from September 2016 to August 2020
at the Department of Hematology, Aalborg University Hospital, and Department of
Clinical Medicine, Aalborg University. The thesis includes two scientific papers, two
systematic reviews, an introduction to the molecular aspects of diffuse large B-cell
lymphoma, methodological considerations, and discussion of findings in relation to
international standards. It is primarily intended for molecular biologists, bioinfor-
maticians, and clinicians since it addresses underlying molecular response
mechanisms and potential biomarkers.

The process of my PhD study has been an inspiring journey that made me grow
scientifically, professionally as well as personally. | have met numerous intelligent
and enthusiastic persons who have expanded my knowledge and inspired me to pursue
new ideas and to adjust and optimize those already there. First and foremost, | want
to express my deepest gratitude to my supervisor Professor Karen Dybkar for the
opportunity to be a part of the scientific environment and for introducing me to the
field of hematology research. Your extensive knowledge, scientific experience,
passionate attitude, and encouragement have motivated and guided me throughout the
last three years of work. Thank you for supporting and believing in me.

A special thanks to Jacob Giehm Mikkelsen and his students from the Department of
Biomedicine at Aarhus University for assistance on lentiviral experiments and for
making my visits comfortable and fruitful. Furthermore, | wish to thank members of
the statistical group, Martin Bggsted, Rasmus Froberg Brendum, and Anna Amanda
Schénherz, for guidance and help concerning statistical matters. | have been blessed
with the best colleagues at the research unit of the Department of Hematology. Thanks
to all of you. My dear previous and current fellow students Pernille, Ditte, Marijana,
Issa, and Linnéa, thank you for cozy coffee breaks and for always taking your time to
troubleshoot, give feedback, and support me. Moreover, | will extend my sincere
gratitude to Helle Hgholt and Louise Hvilshgj Madsen for your helping nature,
technical assistance, and caring personality.

I acknowledge my almost long-life hobby, handball. The sport has taught me to be
structured and dedicated. Combined with my parents’ hardworking spirit and never-
ending support, this has provided me with the drive and mindset required to obtain a
PhD degree. My family is my foundation and my gratitude to you goes beyond words.
Finally, I would like to express my whole-hearted gratitude to the love of my life,
Martin, for his support, tolerance, and love. My beloved Ea - thank you for making
me happy, grateful, and proud every day.

Hanne Due, Aalborg, August 2020
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ENGLISH SUMMARY

Lymphomas are a group of malignant neoplasms arising from lymphocytes. The most
frequent type among adults is diffuse large B-cell lymphoma (DLBCL) with
approximately 450 new patients diagnosed each year in Denmark. DLBCL is a
biologic heterogeneous disease that is treated with the multidrug immuno-
chemotherapy regimen R-CHOP, consisting of rituximab, cyclophosphamide,
doxorubicin, vincristine, and prednisone, yet 20-50% of patients eventually die from
refractory disease or relapse due to treatment resistance. Improved understanding of
cellular response and resistance mechanisms of R-CHOP is pivotal for optimizing
treatment efficacy in DLBCL and equally important is identification of risk markers
enabling stratification of patients with efficient and poor response at time of diagnosis.
The molecular heterogeneity of DLBCL is reflected in the expression profile of
microRNAs (miRNAs), which are small non-coding RNA molecules with a
fundamental regulatory role in various cellular processes. Deregulated miRNA
expression is associated with several cancer types, including DLBCL, and the purpose
of this PhD study was to investigate the role of miRNAs in chemotherapy response
and resistance in DLBCL and evaluate the prognostic impact.

In paper Il we focus on the anti-mitotic drug vincristine, which exerts its anti-
neoplastic effect by binding to microtubules of the mitotic spindle leading to cell cycle
arrest. We observed higher expression of miR-155 in vincristine sensitive DLBCL
cells and showed that loss of miR-155 induces vincristine resistance. This documents
that this particular miRNA is functionally involved in vincristine response in DLBCL
cells. Furthermore, miR-155 displayed prognostic impact with inferior survival
outcome of DLBCL patients with low levels of miR-155. The biomarker potential of
miR-155 in B-cell malignancies was examined by reviewing the literature (Paper I).
As DLBCL is a heterogeneous disease, paper IV attempts to improve the risk
stratification of DLBCL patients by building a prognostic panel of several miRNAs
whose expression is associated with response to drug components of R-CHOP. The
panel consists of seven miRNAs, which in addition to miR-155 includes miR-21,
miR-34a, miR-23a, miR-24-2, miR-27a, and miR-146a. Combining this panel with
the clinical prognostic index (IPI) improved the prognostic performance substantially.

In clinical treatment, the aim is to obtain optimal toxic effect of a drug and at the same
time minimize side effects. The dose-limiting side effect of vincristine is neuro-
toxicity, caused by interference of microtubules in the neurons. In Paper Il we
overviewed the aspects of vincristine-induced neuropathy through literature study. In
a local pilot cohort, neuropathy was reported in 37% of the patients, resulting in
vincristine dose reduction or substitution to vinblastine. Clinical parameters and
predicted vincristine response were examined for potential to stratify patients
according to risk of vincristine-induced neurotoxicity, however, all the investigated
factors were without significant association to patients with manifested neurotoxicity.
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DANSK RESUME

Lymfekraft opstar i den celletype af hvide blodlegemer, som hedder lymfocytter.
Diffust storcellet B-celle lymfom (DLBCL) er den hyppigste form for lymfekreft hos
voksne og diagnosticeres hvert ar hos ca. 450 patienter i Danmark. Biologisk set er
DLBCL en heterogen sygdom, som behandles med immun- og kemoterapiregimet R-
CHOP bestéende af rituximab, cyclofosfamid, doxorubicin, vincristin og prednisolon.
Imidlertid der 20-50% af patienterne af refrakter sygdom eller sygdomstilbagefald,
fordi deres tumor er behandlingsresistent. For fremtidigt at kunne forbedre behand-
lingen af DLBCL-patienter er det ngdvendigt at opna en stgrre viden om respons- og
resistensmekanismer for de enkelte stoffer i R-CHOP-behandlingen. Samtidig er det
ogsa gnskvardigt, allerede pa diagnosetidspunktet at kunne adskille responderende
patienter fra de som ikke responderer. Den molekylare forskellighed der ses blandt
DLBCL patienter afspejles i deres microRNA (miRNA) profil, som er sma ikke-
kodende RNA-molekyler med en fundamental rolle i regulering af mange forskellige
celluleere processor. Deregulering af miRNA ekspression er associeret til mange typer
af kraeft, inklusiv DLBCL, og formalet med dette PhD studie var at undersgge hvilken
rolle miRNA spiller i responsmekanismerne mod kemoterapeutika i DLBCL, samt
om deres ekspression kan anvendes til risikovurdering af DLBCL-patienter.

I artikel 1l fokuserer vi pa stoffet vincristin, som hemmer tumorvaekst ved at
interferere med mikrotubuli i de mitotiske spindle, hvorved celledeling stoppes. Vi
identificerede hgjt udtryk af miR-155 i vincristin sensitive DLBCL-celler og viste at
tab af miR-155 ggr DLBCL cellerne mere resistente imod vincristin behandling. Dette
dokumenterer at denne miRNA har direkte betydning for vincrtistin respons i
DLBCL. Desuden udviste miR-155 potentiale som prognostisk markar, hvor lavt
niveau af miR-155 er forbundet med darligere overlevelsessandsynlighed.
Biomarkgrpotentialet af miR-155 i lymfekreeft blev undersggt i et litteraturstudie
(artikel 1). Da DLBCL er karakteriseret ved en hgj grad af biologisk variation, sgger
vi i artikel 1V at forbedre risiko-stratificeringen af DLBCL-patienter ved at bygge et
panel af miRNA, hvis ekspression er associeret til respons mod et eller flere af
stofferne fra R-CHOP-behandlingen. Panelet bestar af syv miRNA som udover miR-
155 inkluderer miR-21, miR-34a, miR-23a, miR-24-2, miR-27a, og miR-146a.
Kombination af dette panel og det kliniske internationale prognostiske indeks (IPI),
forbedrede den prognostiske evne veasentligt.

| kreeftbehandling er malet at opnd optimal toksisk effekt og samtidig minimere
bivirkninger. Den dosis-begraensende bivirkning af vincristin er neurologisk toksi-
citet, hvilket skyldes interaktion med mikrotubuli i nervecellerne. I artikel 111 belyste
vi med udgangspunkt i litteraturen flere aspekter af vincristin-induceret nerveskade. |
vores lokale DLBCL-patient kohorte, var denne bivirkning rapporteret i 37%, hvilket
medfarte dosis reduktion eller skift til vinblastin. Kliniske parametre samt preedikteret
vincristin sensitivitet blev testet for potentiale til at identificere gget risiko for
udvikling af vincristin-induceret neurotoksicitet, men ingen af de undersggte faktorer
var forskellige mellem patienter med og uden neurotoksicitet.
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1. INTRODUCTION

B-cell development, activation, and differentiation

B-cells are white blood cells that constitute an essential part of the adaptive immune
system, which heavily relies on the humoral immune response where foreign
pathogens and toxins are eliminated by antibodies produced by B-cells. Antibody
diversity is important for efficient immune response and is achieved through highly
organized series of developmental stages of the B-cell, where the B-cell antigen
receptor (BCR) is generated and altered to achieve high-affinity antibodies (Figure 1)
[1]. The BCR is composed of two heavy chain and two light chain immunoglobulin
(1g) polypeptides linked by disulfide bridges [2].

The development of B-cells initiates in the bone marrow, where pluripotent
hematopoietic stem cells self-renew or differentiate into B-cell precursors [3]. During
maturation in the bone marrow, B-cell precursors rearrange the Variable, Diversity,
and Joining (VDJ) gene segments of the heavy and light chain Ig genes whereby
specificity and diversity of the BCR are generated [3,4]. The functionality of the BCR
is tested for autoreactivity, and if positive, BCRs are subjected to receptor editing to
generate non-autoreactive BCRs, however, if unsuccessful the B-cell will undergo
apoptosis or anergy [4]. B-cells passing this checkpoint leave the bone marrow as
naive B-cells co-expressing surface IgM and IgD and circulate between the peripheral
blood and the secondary lymphoid organs, which include lymph nodes, spleen, tonsils,
and mucosa-associated lymphoid tissue [2,3].

In the secondary lymphoid tissues, naive B-cells can encounter an antigen and be
activated by interaction with T-helper cells, which prime the germinal center (GC)
formation [1,3]. The GCs consist of a light and a dark zone, each homing different B-
cell populations (Figure 1). Naive B-cells differentiate into centroblasts, which are
large and highly proliferative cells making up the dark zone of the GC and undergo
somatic hypermutation (SHM) of the V gene segment by which mutations are
introduced, resulting in diversification of the antibody response. Centroblasts migrate
into the light zone of the GC and differentiate into the smaller and less proliferative
centrocytes. In the light zone, they reencounter the antigen in a T-cell dependent
manner to ensure increased BCR affinity [1,5,6]. For most B-cells, mutations
introduced by SHM will decrease affinity for the antigen and these cells will undergo
apoptosis; however, centrocytes with increased affinity will be positively selected.
Each B-cell cycles between the dark and the light zone of the GC to undergo multiple
rounds of SHM and cell divisions to ensure high antibody affinity [7]. This migration
is mediated by chemotaxis through a gradient of chemokines produced by stromal
cells in the light zone, which secrete the CXC-chemokine ligand 12 (CXCL12)
attracting centroblasts as they express the CXC-chemokine receptor 4 (CXCR4).
Centrocytes express CXCR5 and are attracted to the ligand CXCL13, which is
abundant in the dark zone [7]. Following optimal affinity selection, centrocytes
undergo class-switch DNA recombination (CSR) of the constant region of BCR to
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produce antibodies of different isotype classes (IgE, IgA, or IgG) [5,6]. Mature B-
cells leave the GC and differentiate into memory B-cells or plasmablasts, with the
latter differentiating into antibody-producing plasma cells in the bone marrow [3].

Light zone

r

VDJ r
Rearrangering : "
mprove:
. Plunpolenl‘ Naive b, affinity —_ ‘
aematopoetic Precursor ()
B cell @
stem cell B cell

3 / Plasmablast Plasma cell
0—®—0 b

Decreased Memory

Apoptosis -
PP, affinity B cell

Germinal center

BCR affinity maturation

Maturation in the  Circulation in Secondary lymphoid tissue Blood and bone marrow
bone marrow the blood

Figure 1. B-cell differentiation. Maturation of B-cells involves series of highly organized
developmental stages starting in the bone marrow where hematopoietic stem cells differentiate
into precursor B-cells. Precursor B-cells rearrange their Variable, Diversity, and Joining (VDJ)
gene segments to generate the B-cell receptor (BCR), which subsequently are tested for
autoreactivity. B-cells with non-autoreactive BCR differentiate into naive B-cells that circulate
between the peripheral blood and secondary lymphoid tissue until antigen encounter leading to
B-cell activation and formation of germinal centers (GCs). GCs consist of a dark and a light
zone with centroblast and centrocyte B-cells, respectively. Centroblasts undergo somatic hyper-
mutation (SHM) and differentiate into centrocytes, which re-encounter antigens to select B-
cells expressing a BCR with increased affinity. B-cells cycle several rounds between the dark
and light zone to ensure optimal BCR affinity. Following optimal affinity, a shift in effector
function by class-switch DNA recombinase takes place, and B-cells leave the GCs as memory
B-cells or plasmablasts, which further can differentiate into the antibody-producing plasma
cells.
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INTRODUCTION

Lymphoma

Cancer arises when cells acquire growth and survival benefits through epigenetic or
genetic alterations. These advantages occur in different biological traits, described as
the hallmarks of cancer [8]. The hallmarks of cancer include genome instability, the
ability to sustain proliferative signaling, evade growth suppressors, reprogram energy
metabolism, induce tumor-promoting inflammation, resist cell death, enable
replicative immortality, induce angiogenesis, activate invasion and metastasis, and
lastly evade immune destruction [8].

Lymphomas are a heterogeneous group of malignant neoplasms arising from
lymphocytes of natural Killer cell, T-cell, or B-cell origin [9]. Lymphomas are
classified according to guidelines by World Health Organization (WHO), which
include both clinical, morphological, histological, and genetic features of the disease
entities [9]. There are two main classes of lymphoma, Hodgkin lymphoma (HL) and
non-Hodgkin lymphoma (NHL), of which the latter is the most prominent (Figure 2).
The majority of NHLs derive from B-cells with the most frequent being diffuse large
B-cell lymphoma (DLBCL), accounting for 30-40% of all newly diagnosed adult
NHL [10]. Other common types of B-cell derived NHLs include follicular lymphoma,
mantle cell lymphoma, splenic marginal zone B-cell lymphoma, and chronic
lymphocytic leukemia [9].

Classical HL
90 %

Nodular lymphocyte

Hodgkin (HL) ] : predomir‘::am HL
15% 10 %
ABC
DLBCL 40-42%
25-35%
hs GCB
Lymphoma Mature B-cell 45-50%

Follicular lymphoma

derived 20%

95%
Others

non-Hodgkin (NHL) 45-55%
85%
Peripheral T-cell
Mature NK-cell/ 1yrr;_];];/uma
T-cell derived °
5% Others

T4%

Figure 2. Lymphoma classification. Frequencies obtained from [9].
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B-cell derived lymphomas can arise at multiple stages of the normal B-cell
differentiation, and the stage at which the malignant clone develops is used in
classification of B-cell lymphomas (Figure 3). Assessed by Ig rearrangement status,
most lymphomas derive from GC B-cells or B-cells that have passed the GC [11],
indicating the antigen mediated stimulation and remodeling processes of the Ig gene
as important in the malignant transformation. SHM and CSR include breakage and
rejoining of DNA, which increases the risk of introducing mutations and
translocations, contributing to malignant transformation [2,5]. Moreover, the double-
stranded DNA breaks in SHM and CSR occur in the GC wherein B-cells replicate
remarkably fast, and DNA damage checkpoints are silenced by repressive activity of
BCL6 [12]. Consequently, genetic alterations implicated in lymphomagenesis often
derive from errors in one of the processes. Furthermore, SHM aberrantly targets some
proto-oncogenes, including PAX5, MYC, PIM1, among others, and this mistargeting
and introduction of mutations also contribute to development of DLBCL [13,14]. B-
cell neoplasms often undergo clonal evolution with a gain of additional genetic
alterations leading to a clinical and/or histological progression of the lymphoma [11].

CLL ‘ Mantle cell lymphoma ‘Burki(t's lymphoma ‘| GCB DLBCL | Follicular lymphoma l Multiple myeloma |

Y g0

o0 -5-(F06) 6

Memory Plasma
B-cell cell

T 186G, IgA,
IgE

Haematopoietic Precursor B-cell Naive B-cell
stem cell

Figure 3. Cellular origin of B-cell lymphomas. B-cell malignancies can arise at various stages
of the normal B-cell differentiation, and the figure depicts the cell-of-origin for selected B-cell
derived malignancies.

Diffuse large B-cell lymphoma

The crude incidence of DLBCL is 3-4/100,000 in the European Union [15], which has
increased during the last decades [16]. Incidence rates are increasing with age and
more often men are affected than women [17]. The etiology of DLBCL remains
unknown; however, autoimmune disease, underlying immunodeficiency, and a family
history of lymphoma have been identified as risk factors [9,18]. DLBCL can be
located in the lymph nodes or other tissues, referred to as either nodal or extranodal,
respectively [9]. It can develop de novo, referred to as primary disease, or from
progression or transformation of an indolent NHL such as follicular lymphoma [9,19].
DLBCL encompasses a clinical, morphological, and molecularly heterogeneous
group of lymphomas, which by WHO is subdivided into four categories: DLBCL not
otherwise specified (DLBCL NOS), other lymphomas of large B-cells, high-grade B-
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INTRODUCTION

cell lymphoma, and B-cell lymphoma unclassifiable. DLBCL-NOS is the most
common type and has still a great morphological and molecular heterogeneity [9].

Prognostic assessment of DLBCL patients is performed using the International
Prognostic Index (IP1), which has been the gold standard in clinical practice for
decades [20]. IPI is a scoring system ranging from 0 to 5 based on five dichotomized
clinical parameters with equal weight, and one point assigned each of the following
risk factors: age at diagnosis (>60), elevated serum lactate dehydrogenase (LDH),
extranodal involvement >1, Eastern Cooperative Oncology Group (ECOG)
performance status >2, and Ann Arbor stage Il or IV which is determined by tumor
localization. Based on the IPI scoring system, DLBCL patients are stratified into four
risk groups with different outcomes: low (score 0-1), intermediate-low (2),
intermediate-high (3), and high-risk (4-5) disease [20]. Revised versions of IPI
assigning patients into fewer prognostic subgroups or with inclusion of more variables
have been introduced [21,22]; however, the original IP1 is still the standard tool since
population-based studies including clinical trials confirmed robustness of IPI despite
treatment alterations [21,23].

Molecular subclasses of DLBCL

The molecular heterogeneity of DLBCL-NOS can be explained by the cell-of-origin.
Gene expression profiling (GEP) enables cell-of-origin classification of DLBCL into
two histologically indistinguishable subclasses: the activated B-cell-like (ABC) and
the germinal center B-cell-like (GCB) of which the GCB subclass is slightly more
frequent with an overall incidence of 45-50% as opposed to 40-42% for the ABC
subclass (Figure 2+4) [24-27]. Cases not classifiable as ABC or GCB are defined
unclassified (UC). The molecular ABC/GCB subclasses reflect a subset of the normal
B-cell differentiation stages (Figure 3), where GCB resembles GC B-cells having
ongoing SHM and CSR and expression of IgM or IgD, and ABC-DLBCL is similar
to post-GC B-cells with aberrant CSR and expression of IgE, IgA, or IgG [2,24]. The
ABC and GCB subclasses differ in pathogenesis and clinical outcome [24,25] with
GCB patients having a 5-year survival rate of 69-79% compared to 52-53% for those
patients classified with ABC-DLBCL when treated with standard immune-
chemotherapy R-CHOP (described in a subsequent section) [28]. In addition, the
molecular subclasses display distinct genetic alterations and deregulated signaling
pathways [24].

Genetic abnormalities of ABC-DLBCL involve activating mutations of the BCR
signaling pathway and genetic lesions, causing constitutive activation of anti-
apoptotic nuclear factor kappa B (NF-«B) signaling. More than 20% of ABC-DLBCL
patients harbor somatic mutations in the 1g-associated gene CD79B, which in complex
with CD79A mediates BCR signaling. Mutations in the cytoplasmic tyrosine-based
motif of this immunoreceptor circumvent negative feedback and thereby causing
chronic active BCR [12,29]. Oncogenic mutations in CARD11 occur in 7-18% of
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ABC-DLBCL cases and 4-17% of GCB cases. The CARD11 mutations impair auto-
inhibition resulting in a hyperactive state that leads to constitutive NF-«xB signaling
[30,31], a hallmark of ABC-DLBCL tumors. Functional in vitro experiments
documented requirement of NF-xB for proliferation and survival of ABC-DLBCL cell
lines but not for GCB-DLBCL cells, and in addition, gene expression analysis
identified higher expression of NF-kB transcription factors in ABC classified patients
as compared to GCB-DLBCL patients [32]. Since the CARD11 protein is essential
for active NF-xB pathway and most ABC tumors have wildtype CARD11, genetic in
vitro screens focused on the role of BCR signaling and found that the BCR signaling
component Bruton’s tyrosine kinase (BTK) is required for survival of ABC-DLBCL
with wildtype CARD11 [29]. Furthermore, somatic gain-of-function mutations in
MYD88 also promote NF-kB signaling. The single amino acid substitution (L265P)
of MYD@88 is specific for ABC-DLBCL and is observed in 30% of the patients [33].

Alterations characteristic of the GCB subclass of DLBCL are gain-of-function
mutations of the EZH2 oncogene, at which the Y641 residue of the catalytic domain
is the mutational hotspot. These mutations are detected in 22% of GCB classified
patients and are thereby one of the most frequent genetic events of GCB-DLBCL [34].
Other genetic events reported in GCB-DLBCL are protein-truncating mutations in
S1PR2 and GNA13 (7% and 10%, respectively), which encode components of a G-
coupled receptor involved in inhibitory regulation of growth and local confinement of
GC B-cells [35]. In addition, activating mutations of the transcriptional activator
MEF2B are observed in 11% of GCB-DLBCL cases and lead to enhanced expression
of the oncogene BCL6 [36], a characteristic of GCB-DLBCL. The transcriptional
repressor BCL6 controls the B-cell differentiation of the GC and is essential for
maintenance of B-cell proliferation while allowing tolerance of DNA remodeling
events without inducing DNA damage responses [12]. In detail, BCL6 permits DNA
remodeling events without response to DNA damage by suppression of TP53, allows
cell cycle progression through repression of the inhibitors p21 and p27, reduces
apoptosis by targeting BCL2, and controls differentiation into plasmablasts by
repressing PRDML1 [12].

Furthermore, chromosomal alterations are common in DLBCL and are differentially
observed across molecular subclasses. Translocations affecting the BCL6 locus in
band 327 are the most common rearrangement in DLBCL occurring in 30% of the
cases and with higher frequency in ABC-DLBCL [37,38]. The t(14;18)(g32;q21.3)
rearrangement of BCL2 is present in 20-30% of DLBCL patients and more commonly
in GCB cases and juxtapose BCL?2 adjacent to IGH, leading to constitutive expression
of BCL2 [39-41]. Rearrangement of MYC occurs evenly in ABC and GCB-DLBCL
and is detected in 5-15% of the patients [9,42,43]. Simultaneous translocations and
aberrant expression of BCL2, BCL6, and MYC are associated with aggressive disease
and have led to the introduction of the category high-grade lymphoma encompassing
double-expressors with dual high expression of BCL2 and MYC and double-hit
lymphoma with rearrangement of MYC and BCL2 or less commonly BCL6 (Figure 4)
[9,41,44-47]. When all three rearrangements are present, it is denoted triple-hit
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lymphoma. Co-expression of BCL2 and MYC is preferentially detected in ABC-
DLBCL and dual-expressor patients have significantly inferior outcomes [41,48]. In
line, double-hit lymphoma with BCL2 and MYC is associated with shorter overall
survival and is more frequent among GCB cases [41,49]. BCL6-MYC double-hit does
not display subclass-specific occurrence and the prognostic significance is ambiguous
[9,48]. The frequency of double-hit lymphoma in diagnostic DLBCL is 5-10%,
whereas it increases to 25-30% of relapsed DLBCL, supporting the role of MYC,
BCL2, and BCL6 translocations as driver event in both treatment resistance and
progression [50,51].

The molecular ABC/GCB classification has entered clinical diagnostic and prognostic
evaluation, complementing IPI [9]. The gene expression-based cell-of-origin
classification utilizes techniques like microarray, RNA-sequencing, and Nanostring,
a digital barcode system. However, simplified and translated classification algorithms
by immunohistochemistry (IHC) are commonly used (Figure 4) [52-54], and by
applying the Hans algorithm with antibodies against CD10, BCL6, and IRF4/MUML1,
DLBCL is classified into GCB and non-GCB subgroups leaving no cases to be
unclassified [52]. IHC has the advantage of being cheap and fast, but display issues
of reproducibility, accuracy, and reliability when compared between diagnostic sites
[9,41].

Other transcriptional based classification systems

The ABC/GCB classification is established from a fraction of the naturally occurring
B-cell subsets, specifically the GC B-cells centroblasts and centrocytes and in vitro
activated B-cells from peripheral blood [24]. An extended cell-of-origin classification
has been developed by applying subset-specific B-cell associated gene signatures
(BAGS) from the normal B-cell differentiation hierarchy (Figure 4) [55]. The BAGS
signature is based on fluorescence-activated cell sorting and transcriptional profiling
of naive, germinal centroblasts and centrocytes, post-germinal memory B-cells, and
plasmablasts of normal human tonsils, and DLBCL patients are classified based on
their GEP and assigned the subtype with highest predicted probability. The BAGS
subtypes have distinct genetic profiles, differentially activated signaling pathways,
and response to chemotherapeutics used in a routine clinical setting for treatment of
DLBCL. In addition, BAGS subtypes display prognostic impact independent of IPI
and the ABC/GCB classification, though prognostic evaluation within ABC and GCB
classified patients, respectively, revealed significance exclusively in GCB-DLBCL
[55].

Other prognostic transcriptional based signatures exist, reflecting multiple biological
attributes of DLBCL (Figure 4). The character of the tumor microenvironment is
represented by the Stromal 1/Stromal 2 signatures [26] and the Host Response
signature [56]. Other biologically relevant subsets of DLBCL are based on the B-cell
receptor and oxidative phosphorylation gene signatures [56], however, none of these
are widely used.
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None of the gene expression-based classification systems is stringent in the sense that
patients assigned inferior prognostic subclasses are potentially curable, while other
patients defined with favorable prognosis succumb to the disease even after aggressive
treatment. Thus, studies of other molecular features of the tumors have been
conducted in attempt to improve risk stratification of DLBCL patients.

Genetic classification systems

The expansion of sequencing technologies has provided comprehensive investigations
of the mutational landscape of DLBCL, which revolutionized the understanding of
the genetic basis of DLBCL and led to the identification of several genetic subtypes
(Figure 4) [57-62]. Chapuy et al. [59] identified 158 genetic driver alterations that
cluster into five distinct genetic subsets, referred to as coordinate gene signature C1-
C5, and in addition a subset, CO, without detectable genetic alterations. Favorable
prognostic outcome is observed for DLBCL patients with CO, C1, and C4 tumors,
whereas those with C3 and C5 DLBCL exhibit adverse outcome. These coordinate
gene signatures identify genetically distinct cell-of-origin subtypes, of which the C3
and C4 represent subsets of GCB-DLBCL utilizing different mechanisms to perturb
common pathways and in addition, display differences in outcome. The C1 and C5
coordinate signatures define subsets of ABC-DLBCL with distinct pathogenetic
mechanisms and superior outcome for patients assigned C1-ABC [59].

The genetic classifier by Schmitz et al. [58] identifies four genetic subtypes termed
BN2 (BCL6 fusions or NOTCH2 mutations), EZB (EZH2 mutations or BCL2
translocations), MCD (co-occurrence of MYD88-%F and CD79 mutations), and N1
(NOTCH1 mutation), of which the MCD and N1 subtypes have significantly inferior
outcome than BN2 and EZB, with 5-year survival outcome of 26%, 35%, 65%, and
68%, respectively, when treated with standard immuno-chemotherapy [58]. These
subtypes are included in the recently developed LymphGen algorithm, which provides
a probabilistic classification of a tumor from an individual DLBCL patient into seven
genetic subtypes (BN2, MCD, N1, EZB MYC+, EZB MYC-, A53, ST2) [60].
LymphGen was implemented by assigning patients to the four previously identified
genetic subtypes and subsequent analysis of the remaining unassigned patients. Of
these, TP35 was the most frequently mutated gene without enrichment in one of the
other subtypes, and furthermore, recurrent mutations were observed in TET2, P2RY8,
SGK1, leading to the genetic subtypes termed A53 and ST2. LymphGen assigns
63.1% of DLBCL patients to one or more of the six genetic subtypes with BN2, MCD,
and EZB being most frequent. The MCD signature is enriched for ABC-DLBCL
patients, whereas GCB patients predominate the EZB subtype. As opposed, BN2,
Ab53, and ST2 are comprised of different cell-of-origin subclasses. Patients assigned
the MCD subtype have inferior overall survival probability, especially in comparison
to BN2 and ST2. For GCB-DLBCL patients, the EZB subtype displays adverse
prognosis; however, based on information on double hits with BCL2 and MYC
rearrangement, the EZB is divided into genetic MYC+ and MY C- subtypes, the latter
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with superior prognosis [60]. Moreover, another five genetic subtypes termed
MYD88, BCL2, SOCS1/SGK1, TET2/SGK1, and NOTCH2 have recently been
published by Lacy et al. [61] in addition to a group of not elsewhere classified (NEC)
encompassing 27% of the patients. Predominant mutations of the MYD88 subtype
include MYD88-2%%", PIM1, CD79B, and EVT6 and are enriched for patients of ABC
origin. As opposed, GCB-DLBCL cases mainly constitute the BCL2 subtype,
characterized by mutations of EZH2, BCL2, TNFRSF14, KMT2D, and MEF2B, and
the TET2/SGK1 subtype, which beside TET2 and SGK1 mutations is dominated by
variants in KLHK6, MAP2K1, ZFP36L1, BRAF, and KRAS. Patients of the MYD88
and NOTCH2 subtypes have inferior outcome in comparison to patients assigned
TET2/SGK1, SOCS1/SGK1, and BCL2, with 5-year overall survival of 42%, 48%,
60%, 62%, and 65%, respectively, when treated with standard immuno-chemotherapy
[61].
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Figure 4. Timeline of the molecular subclassifications of DLBCL. A broad overview of
prognostic molecular subclassifications of DLBCL. Horizontal bars (top/bottom) indicate
whether the classification relies on gene expression, genetics, or immunohistochemical analysis
of the tumor. Prognosis of the respective subclasses is indicated by arrows, 1 corresponding to
superior and | to inferior. The more arrows, the better or worse prognosis.

Thus, targeted and global next-generation sequencing has not only revealed a
compendium of common genetic alterations in DLBCL, of which several exhibit
segregations by cell-of-origin, but also lead to complete new frameworks for DLBCL
risk stratification based on tumor genetics [63]. These genetic classifications improve
the understanding of the molecular heterogeneity of DLBCL; however, several
discrepancies of these studies have to be reconciled prior to exploration of stratified
treatments. Although partial overlap in genetic classes, no unambiguous link between
the majority of genetic aberrations and genetic clusters has been provided, which,
together with the limitation of a large number of unclassified tumors, leave the nature
of the DLBCL genetic subclassification unresolved [63].
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DLBCL treatment and outcome

First-line treatment of DLBCL patients is a multidrug regimen consisting of:
Rituximab (R), a humanized monoclonal antibody against CD20, which is a surface
protein expressed on all B-cells; Cyclophosphamide (C), a DNA alkylating agent that
in addition facilitates antibody-mediated Killing through cytokine release;
Doxorubicin (H), a topoisomerase Il inhibitor which also intercalates DNA base pairs;
Vincristine (O), an ant-microtubule agent; and the steroid Prednisone (P) (R-CHOP).
The mostly non-overlapping side effects permit their combined administration.
Addition of rituximab to the CHOP regimen has improved DLBCL survival
substantially with a 10-15% increase in 5-year overall survival to 60-70% [64]. The
pharmacological principle of R-CHOP efficacy is poorly understood; however,
functional genetic in vitro studies recently observed low cross-resistance but no
synergistic interaction among the components of R-CHOP [65]. This suggests that
treatment efficacy of the regimen is mediated by independently effective drugs
without overlapping resistance mechanisms.

Despite treatment improvement with inclusion of rituximab, approximately 40% of
DLBCL patients suffer from primary refractory disease and relapse due to drug
resistance, demonstrating that standard provided treatment regimens are not sufficient
to cure all patients [28,64,66]. Relapsed and refractory patients are treated with high-
dose immuno-chemotherapy and autologous stem cell transplantation; however, most
patients are not eligible due to their age and comorbidities, whereby only a fraction of
patients with relapse are cured [67].

In the last decade, several clinical trials have been conducted in an attempt to improve
the R-CHOP regimen; however, with limited benefit. Different strategies have been
applied, including dose intensification, rituximab maintenance after initial treatment,
consolidation with autologous transplantation [77-80], and in recent randomized
phase Il trials R-CHOP is combined or substituted with non-chemotherapeutic agents
[68-76] (Table 1).

Study Subclasses No. Regimen Target Result

Obinutuzumab- -

GOYA [68] | None 1418 CHOP CD20 Negative

MAIN [69] | CD20+ 787 R-CHOP + VEGF-A Negative

bevacizumab

R-CHOP + Proteasome -

REMoDL-B [70-72] | ABC/GCB 918 Y NE-xB Negative
non- R-CHOP + .

PHOENIX [73,74] GCB/GCB 800 ibrutinib BTK Negative
non- R-CHOP + Immuno- .

ROBUST [75,76] | gegigeg 260 lenalidomide ~ modulatory  '\egative

Table 1. Phase 111 clinical trials in DLBCL. ABC, activated B-cell; BTK, Bruton’s tyrosine
kinase; CHOP, cyclophosphamide, doxorubicin, vincristine, prednisone; GCB, germinal center
B-cell; NF-xB, nuclear factor kappa B; R-CHOP, rituximab, cyclophosphamide, doxorubicin,
vincristine, prednisone; VEGF-A, vascular endothelial growth factor A.
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Moreover, molecular guided therapy using biomarkers, including ABC/GCB, double-
expressor, and double-hit have been evaluated; however with inconsistent
implementation in clinical trials [28,46,72,74,80]. Since the ABC subclass is the
largest risk group of DLBCL, most clinical studies are focused on improving overall
survival for these patients. Several genetic alterations of ABC-DLBCL dysregulate
BCR signaling and NF-xB pathway at different levels, which has led to tailored
treatment strategies. Single-agent treatment with the BTK inhibitor ibrutinib
demonstrated selective efficacy in ABC-DLBCL, due to constitutive BTK-dependent
B-cell receptor signaling [81]. Similarly, the proteasome inhibitor bortezomib has
shown preferential activity in ABC-DLBCL through diminished degradation of IxBa
and thereby inhibition of the chronic and required NF-«B signaling of ABC-DLBCL
[82,83]. However, all randomized phase Il trials testing the inclusion of targeted
agents failed in improving first-line treatment, also when specific efforts have been
applied to target the ABC subclass (Table 1). This can most likely be explained by the
renowned biological heterogeneity of DLBCL including the recent findings of several
and distinct genetical subtypes of DLBCL [58-61]. Therefore R-CHOP remains the
standard treatment.

Vincristine

Vincristine (Oncovin®, O) is an antimitotic drug belonging to the group of vinca
alkaloids, originally derived from the plant Catharanthus roseus [84]. Since the
clinical approval in 1963, vincristine has been widely used in the treatment of several
solid and hematological malignancies [84,85]. It is administered by intravenous
infusion and has as a single agent brief and incomplete effects, however, improves
clinical outcome when given in combination with other chemotherapeutics [84-86].
Cellular uptake of vincristine is mediated by multiple mechanisms, including passive
diffusion and active energy- and temperature-dependent transport [87] and efflux by
the ATP binding cassette (ABC)-transporter family [88].

Vincristine exerts its anti-neoplastic action by targeting B-tubulin leading to inhibition
of polymerization of tubulin into microtubules (Figure 5) [89-91]. Microtubules are
cytoskeletal proteins essential for several physiological cellular processes, including
formation of the mitotic spindle and chromosome segregation during mitosis, cell
migration, and intracellular transport. They are continuously assembled and
dissembled by polymerization and depolymerization of tubulin, a dimer composed of
a- and B-tubulin subunits [92].

Vincristine interferes with the mitotic spindles in a dose-dependent manner. At the
lowest concentration, where cell proliferation is inhibited, vincristine stabilizes the
mitotic spindle structure, whereas higher concentrations impair spindle assembly,
both causing failure of chromosome segregation in the metaphase [89-91]. This
activates the spindle assembly checkpoint, which prevents anaphase onset until
accurate chromosome segregation, thereby causing mitotic arrest followed by
apoptosis [93].
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Vincristine has been considered a cornerstone of R-CHOP efficacy for several years;
however, a recent comprehensive in vitro study shows that the effect of vincristine is
antagonized in the presence of cyclophosphamide or doxorubicin [65]. Since
vincristine is cell cycle phase-specific only targeting mitotic cells, the effect of
vincristine could be expected to decrease in presence of doxorubicin and
cyclophosphamide as these exert their action by inducing DNA damage [94,95],
which prevents entry into mitosis.
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Figure 5. Vincristine mechanism of action. Vincristine exerts its anti-tumoral effect by
binding to B-subunits of microtubules leading to impaired formation of mitotic spindle and
metaphase arrest. Microtubules are in addition essential for axonal transports in neurons, and
binding of vincristine to the microtubules blocks this transport resulting in neurotoxicity.
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Neurotoxicity

The primary and dose-limiting side effect of vincristine treatment is neurotoxicity
involving peripheral, autonomic, and central neuropathy [96]. The most common
clinical symptoms are peripheral sensorimotor neuropathy, including paresthesia,
numbness, and loss of deep tendon reflexes; however, autonomic dysfunctions
characterized by constipation and urinary retention are in addition relatively often
reported [97,98]. Vincristine-induced neuropathy occurs in time- and dose-dependent
manner with some patients reporting clinical manifestations after the first dose, while
others exhibit symptoms after treatment completion. The severity of neuropathy
increases with accumulated vincristine dose and is mostly reversible [84], but can
persist for months after discontinuation of treatment, and is in rare cases irreversible
[99]. Symptoms of neuropathy often lead to vincristine dose reduction,
discontinuation, or substitution, potentially affecting treatment efficacy of R-CHOP
[100].

The mechanism underlying the toxic effect of vincristine is interference with
microtubules, which causes blockage of crucial axonal transport (Figure 5) [101].
Axonal transport is a physiologic process involving transfer of molecular components,
including vesicles, organelles, and proteins synthesized in the cell body, which are
essential for axonal metabolism and neuronal membrane function [102]. This
intracellular trafficking is mediated by microtubules, which dictates the direction of
movement by polarization generated by the tubulin arrangement [103]. Impaired
axonal transport caused by vincristine interference leads to neuronal degeneration that
manifests distally and develops progressively [101,104].

Despite vincristine-induced neuropathy is the primary side effect and has been widely
studied, no consensus about incidence, manifestations, and severity is found due to
lack of consistency in neuropathy definition, assessment, and reporting. Literature
review of vincristine-induced neuropathy in hematologic malignancies (Paper I11)
revealed a tremendously varying incidence of neuropathy with frequencies from 10%
to 100% depending on patient inclusion criteria, vincristine doses and treatment
cycles, and neuropathy assessment tools [96], emphasizing the inconsistency between
studies. Furthermore, the absence of consensus has resulted in several conflicting
studies of neuropathy, which has complicated identification of risk factors and
predictive markers [96]. However, accumulated vincristine dose and preexisting
neuropathy are consistently reported to predict increased risk of vincristine-induced
neuropathy [98,105,106]. In addition, at the molecular level, several genes involved
in the pharmacokinetics and pharmacodynamics of vincristine display potential as
predictive markers [96]. Vincristine is metabolized by the cytochrome P450 3A
(CYP3A) enzyme subfamily in the liver, with CYP3A4 and CYP3A5 as primary
metabolizers [107]. Germline polymorphisms CYP3A5*3 and CYP3A5*6 introduce
splice variants and protein truncation, leading to decreased CYP3A5 expression and
less effective metabolism, thus, causing higher vincristine exposure and risk of
neuropathy [96,108]. In addition, an inherent variant in the promotor of CEP72 is
associated with increased incidence and severity of vincristine-induced neuropathy.
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This alteration leads to decreased expression of CEP72, a centrosomal protein
important for microtubule formation, resulting in microtubule destabilization, and
increased vincristine sensitivity [96,109].

Several strategies attempting to overcome vincristine-induced neuropathy have been
examined, but currently, there is no convincing evidence of the use of pharmacologic
interventions, and therefore, vincristine dose reduction, discontinuation or
substitution, is the only option for diminishing neuropathy [96].

Treatment failure and drug resistance

Treatment failure of DLBCL patients is a complex problem involving many causative
factors contributing to considerable inter-individual variability treatment response.
Several host-related parameters influence the pharmacokinetics of a drug, including
absorption, ability to reach the intended site, metabolism, and excretion in addition to
dose-limiting side effects, patient co-morbidity, and performance dose-adjustments
[96,110]. Furthermore, single- and multiple-drug resistance influences the overall
response towards the treatment regimen. Epigenetic changes, genetic alterations, and
transcriptional as well as translational aberrations all affect intracellular signaling
pathways and are the underlying reason for molecular drug resistance [110].

Intrinsic resistance reflects the ability of the tumor at the time of diagnosis to
circumvent the effect of a drug resulting in primary refractory disease and is caused
by somatically acquired molecular aberrations of the cancer cells. As opposed, a
selection process causes acquired resistance when initially responsive patients have
chemo-resistant clones overgrowing the sensitive ones [110]. The third type of
resistance is inherent where some patients, due to specific germline genotypes have a
poor response to certain treatment regimens [111]. Thus, the treatment efficacy is
affected by molecular aberrations of the cancer cells, treatment-selected resistant
subpopulations, and individual germline genotypes. Furthermore, DLBCL is
“addicted to the host” in terms of the tumor microenvironment modulating the disease
course and sensitivity to antineoplastic drugs.

Resistance to anti-cancer drugs can be acquired by multiple intracellular mechanisms
of the cancer cells and include dysregulation of pumps, modification of drug target,
altered expression of detoxification mechanism, increased repair of drug-induced
DNA damage, reduced susceptibility to apoptosis, and altered proliferation [110,112].
Upregulation of efflux pumps is a common mechanism of chemotherapeutic
resistance, causing resistance towards multiple drugs at once, including doxorubicin
and vincristine [65,113]. The function of these pumps is to transport xenobiotic drugs
out of the cells leading to decreased drug retention, changed intracellular distribution,
thereby affecting the availability and intracellular impact of the drug.
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Chromosomal instability and aneuploidy are common characteristics of cancer,
making tumor cells especially susceptible to anti-microtubule drugs like vincristing,
which induces mitotic delay by activating the spindle assembly checkpoint. While
most cells undergo apoptosis upon prolonged cell cycle, others appear to acquire the
ability to slip through the spindle assembly checkpoint existing mitosis prematurely
without proper chromosomal segregation [93,114,115]. Such mitotic slippage will
contribute with even more chromosomal abnormality, and cells either die at later
stages or survive and stop dividing, giving rise to a resistant clone [115].

Another adapted mechanism conferring vincristine resistance is altered tubulin
isotype composition of microtubules. In humans, eight p-tubulin isotypes have been
identified, which exhibit different vincristine-binding potential and dynamic
properties, affecting the sensitivity [116]. Studies of solid tumors have shown
perturbed isotype composition in cancer cells compared to adjacent normal tissue,
involving adapted expression of one or several isotypes as well as presence of
isoforms that are not typically expressed in the given tissue. Moreover, specific
isotypes correlated with resistance to anti-mitotic taxanes and inferior clinical
outcome [116].

microRNAS

microRNAs (miRNASs) are an abundant group of endogenous short (21-23nt) non-
coding RNAs regulating gene expression at the post-transcriptional level [117]. Since
the first miRNA was discovered in Caenorhabditis elegans in 1993 [118], the number
has continuously increased, and to date, more than 2300 human miRNAs have been
described and verified [119]. They are estimated to regulate up to 60% of protein-
coding genes in the human genome [120] and play fundamental regulatory roles in
almost every physiologic process, including development, proliferation, and apoptosis
[117].

Biogenesis of miRNAs

miRNAs are encoded by inter or intragenic regions of the genome and are transcribed
by RNA polymerase (pol) Il or RNA pol Il [121,122]. Intragenic miRNASs are
processed mostly from introns and relatively few exons of protein-coding genes,
whereas intergenic miRNAs have their own promoters and are transcribed
independently of a host gene [123,124]. The biogenesis of miRNAs is divided into the
canonical and non-canonical pathways of which the former is dominant (Figure 6).

The canonical pathway starts with transcription into the primary miRNA, designated
pri-miRNA, a long transcript that either can express a single miRNA or a cluster of
multiple miRNAs, which is considered a family when having similar seed sequences
[125,126]. The pri-miRNA transcript comprises a 5’-cap, a hairpin region encoding
the mature miRNA, and a 3’-polyadenylated tail, and is processed into precursor
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miRNA (pre-miRNA) by the nuclear microprocessor complex consisting of the RNA
binding protein DiGeorge syndrome chromosomal region (DGCR8) and the RNAse
111 enzyme Drosha [125]. When DGCRS recognizes the precise cleavage site, the two
RNAse domains of Drosha cleaves the 5°- and 3’-end of the pri-miRNA resulting in
a 70 nucleotides (nts) long pre-miRNA with 2-nts overhang in the 3’-end [125,127].
The non-canonical pathway involves generation of ‘mirtrons’, which are intron-
derived pre-miRNAs produced during splicing. When a spliced intron has the
potential to form a hairpin structure resembling pre-miRNAs, it bypasses Drosha
processing and follows the biogenesis of a canonical-generated pre-miRNA [128].
Once the pre-miRNA is formed, it is transported to the cytoplasm by Exportin-5 [129],
where the RNAse Ill enzyme Dicer in complex with TAR RNA-binding protein
(TRBP) cleaves the loop structure generating the mature miRNA duplex of
approximately 21 nts [130,131]. The duplex is unwounded into a 5p- and 3p-strand
arising from the 5’- and 3’-end of the pre-miRNA hairpin, respectively. Both strands
can be incorporated into Argonaute (AGO) proteins and form the RNA-induced
silencing complex (RISC) [132]. Selection of miR#-5p or miR#-3p is based on
thermodynamic stability, and in general, the strand with lowest stability is loaded into
AGO and is denoted the guide strand. As opposed, the unloaded strand is referred to
as the passenger strand or miRNA-star (*) and is usually degraded [133,134]. Of
notice, for a specific miRNA, the proportion of AGO-incorporation of miR#-5p or
miR#-3p varies depending on the cell type, ranging from equilibrium to predominance
of one or the other [135].
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Figure 6. miRNA biogenesis. By the canonical pathway, miRNA-encoding genes are
transcribed by RNA polymerase Il or Il into primary miRNAs (pri-miRNA), which are
processed by Drosha in complex with DiGeorge syndrome chromosomal region (DGCRS),
generating precursor miRNAs (pre-miRNA). By the non-canonical pathway are intron-derived
pre-miRNAs generated during splicing. Exportin-5 transports pre-miRNAs to the cytoplasm
where they are cleaved by Dicer in complex with TAR RNA-binding protein (TRBP), resulting
in a miRNA duplex. The guide strand of the duplex is loaded into the RNA-induced silencing
complex (RISC) with Argonaute (AGO) proteins, enabling binding and regulation of target
MRNAs.
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Function of miRNAs

The RISC complex consisting of the miRNA guide strand and AGO proteins are
responsible for post-transcriptional regulation of target mMRNAs [132]. RISC binds the
target by complementary base pairing between the guide strand and the miRNA
response element on the target mMRNA. Canonical miRNA-mRNA interactions occur
by full complementarity to the seed region in the 5’-end of the miRNA, which
predominantly is a 6-mer sequence within position 2-8 or 7-mer from nucleotide 1-8,
though extended seed regions from position 4-10 are observed [136-138]. While seed-
mediated interactions constitute the majority of miRNA-mRNA interactions, only
one-third of the interactions involve entirely complementary [139]. Generally, the
seed interaction is accompanied by additional base pairing, which increases stability
and specificity of the miRNA-mRNA interaction [139,140]. The majority of miRNA
binding sites are located in the 3’ untranslated region (3’ UTR) of the target mRNAs;
however, binding sites have also been observed in promoter regions, coding regions,
and 5> UTR [139-144]. Additionally, non-canonical seedless miRNA-mRNA
interactions have been identified, which alone only leads to moderate or none target
regulation, but act cooperatively with seed interaction in target binding and regulation
[138,139,145].

The degree of complementarity between the miRNA and target mRNA determines the
mechanism of gene silencing. A fully complementary miRNA-mRNA interaction
causes mMRNA cleavage by the endonuclease AGO2, whereas imperfect
complementarity leads to translational repression by AGO-mediated RNA
interference and/or mRNA destabilization and degradation by deadenylation and
decapping [136,146]. The full miRNA is rarely fully complementary to its target
resulting in RNA hybrids with mismatches and characteristic bulges, preventing
AGO2 endonuclease activity [136,147]. In addition to the primarily repressive
function, miRNAs have been reported to mediate translational activation under
specific conditions [144,148].

A miRNA can regulate several target mRNAs, and conversely, several miRNAs can
cooperatively regulate a specific mMRNA, and thereby miRNA-mediated gene
regulation affect multiple signaling pathways [117,149]. The action of miRNAs is a
dynamic process, equilibrating gene expression to a steady-state and is influenced by
shuttling of RISC between intracellular compartments in addition to abundancy and
availability of miRNAs and their specific target MRNAs [150]. miRNAs exhibit tissue
and cell type-dependent expression patterns, specifically, the Functional Annotation
of the Mammalian Genome (FANTOM) research consortium showed that one-fourth
of miRNAs are broadly expressed across human cell-types, half of them are cell type
enriched, and the remaining are with low expression levels [124,151]. In addition,
affected mRNA targets are distinct across cell types [149], making the miRNA’s
targetome even more comprehensive and complex.
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miRNAs in B-cell differentiation and function

The regulatory mechanism by miRNAs is important in the complex and highly
regulated B-cell differentiation and activation. Each B-cell differentiation stage
possesses a characteristic miRNA expression profile [152,153] and the direct impact
of miRNAs in regulating differentiation is emphasized by impaired formation of
normal B-cell differentiation subsets and affected antibody diversity when Dicer, the
enzyme generating mature miRNAs, is removed in transgenic mice [154,155].
Specifically, Dicer ablation blocks transition into precursor B-cells in the bone
marrow, formation of GC B-cells, and terminal differentiation as modeled in mice
[154,155].

miRNA regulation at the specific stages of the B-cell differentiation has been
extensively explored in vitro and in vivo utilizing ectopic expression and selectively
targeting. The first identified hematopoietic regulator was miR-181a, of which
induced expression in hematopoietic stem cells increased the fraction of cells
committed to the B-cell lineage [156]. In addition, hematopoietic stem cells display
higher endogenous expression of miR-181a than precursor B-cells, supporting the
regulatory function in early B-cell development [152,157]. Likewise, the miR-17~92
cluster consisting of miR-17, miR-18, miR-19a, miR-19b, miR-20a, and miR-92-1 is
highly expressed in hematopoietic progenitor cells and deletion of the entire miR-
17~92 locus in mice impaired transition from progenitor to precursor B-cells through
increased expression of the pro-apoptotic protein Bim [158]. Moreover, by restoring
expression of specific mMiRNAs of the miR-17~92 cluster in hematopoietic stem cells
isolated from miR-17~92 deficient mice, miR-17 alone was identified to rescue the
progenitor to precursor B-cell transition, highlighting miR-17 as a central regulator of
early hematopoiesis [159]. In addition, the miR-17~92 cluster is involved in
regulation of central tolerance occurring in the bone marrow, where the BCR is tested
for autoimmunity to eliminate self-reactive B-cells [159]. The model utilized for
investigation of central tolerance was the IgMP —macroself mice, engineered to
ubiquitously express antigens reactive to the heavy constant region of IgM, the BCR
present on immature B-cells. Therefore, as a consequence of central tolerance, these
mice lack mature B-cells. Reconstituting these mice with bone marrow from transgene
mice overexpressing the miR-17~92 cluster rescued B-cell development leading to
occurrence of mature B-cells. Furthermore, reconstitution of individual miRNAs of
the cluster lead to identification of miR-19 as the key regulator of central tolerance by
targeting PTEN [159].

The most essential miRNA in regulation of the GC reaction and terminal stages of the
differentiation is miR-155, which is highly expressed in GC B-cells [153]. The
importance is emphasized by impaired GC formation and immune response when
miR-155 is deleted in mice [160,161]. Immunization of miR-155-deficient mice
resulted in fewer GC B-cells and revealed defect in immunoglobulin class switch into
IgG1, evidenced by less production of antigen-specific 1gG1 in contrast to normal
abundance of IgM. Moreover, secondary immunization showed impaired memory
response in absence of miR-155 due to reduced differentiation into plasmablasts and
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memory B-cells [161,162]. In support, ectopic expression led following antigen
introduction to enriched and enlarged GCs shown by immunohistochemistry and
increased number of class-switched antibodies determined by fluorescent activated
sorting followed by western blotting [160]. The critical role of miR-155 is mediated
by regulating the gene encoding the transcription factor PU.1, which is crucial for B-
cell commitment and differentiation [161]. In addition, AID is another important
target of miR-155. Disruption of the miR-155 binding site in the 3> UTR of Aicda
(AID) reduced AID expression in vitro as well as temporally in vivo and functionally
affected BCR affinity maturation and immunoglobulin class switch, assessed by 1gG
binding efficiency and the percentage of IgG isotypes upon immunization [163].
Collectively, these studies document that miR-155 is pivotal for B-cell differentiation
and effective immune response.

MiRNAs in DLBCL and treatment response

As miRNAs are involved in essential cellular processes, including cancer-relevant
pathways, deregulation enables cancer cells to rewire several mechanisms to provide
survival advantages. Consistently, aberrant miRNA expression has been
experimentally verified to be implicated in the pathogenesis of several malignancies
including DLBCL [164,165]. Moreover, the regulatory network of miRNAs is
affected by the 3> UTR shortening generally observed in cancer. By alternative
cleavage and polyadenylation, cancer cells acquire shorter mRNA isoforms, enabling
genes to avoid post-transcriptional regulation by miRNAs due to loss of miRNA-
response elements [166,167].

miRNAs are recognized to act as oncogenes when their overexpression favor
malignant transformation and progression by promoting proliferation and evading
growth suppression and apoptosis. Likewise, miRNAs function as tumor suppressors
preventing tumorigenesis through inhibition of proto-oncogenes [164,168]. However,
the role of a miRNA is ambiguous, and studies of miRNAs in cancer are complicated
by the genetic diversity of tumors, the fact that several miRNAs often are dysregulated
in a tumor, and that miRNAs targets multiple mRNAs that furthermore is influenced
by the cell-of-origin and the microenvironment surrounding the malignant cells
[149,169,170]. For example, miR-148a appears to act as a tumor suppressor in skin
and colorectal cancer by targeting genes involved in apoptosis, tumor invasion, and
metastasis [171,172]. In contrast, high expression of miR-148a is associated with
inferior outcome in DLBCL, which is suggested to be caused by attenuated immune
response [173].

The underlying mechanism of dysregulated miRNA expression is not always known.
However, miRNAs are often located in cancer-associated genomic regions and fragile
sites, frequently leading to miRNA deletion and decreased expression in consistence
with the general miRNA downregulation observed in cancer [164,174,175].
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Furthermore, epigenetic silencing of miRNAs, including DNA methylation and
chromatin modifications, has been documented in multiple malignancies [176-178].
The pathogenic impact of miRNAs as well as their diagnostic, prognostic, and
predictive potential have been extensively studied in DLBCL. Despite highly
heterogeneous MiRNA expression profiles [179], several individual miRNAs and
miRNA signatures have been identified to characterize different aspects of DLBCL
[180,181]. Diagnostic challenges, including morphological similarity between GCB-
DLBCL and high-grade FL, have been suggested to be overcome by including
expression of miRNAs in the miR-17~92 cluster, and likewise, distinction between
DLBCL and HL can be supported by determining the miR-155 expression [182,183].
Furthermore, distinct miRNA expression signatures divide DLBCL into the
prognostic ABC and GCB subclasses, similar to GEP-based classification [180].
However, miRNA expression-based diagnostics and prognostics has not entered
clinical practice, and with the field focusing on genetics, miRNAs mostly contribute
with biological information rather than as a clinical tool.

Commonly deregulated miRNAs in DLBCL include the miR-17~92 cluster, miR-21,
miR-34a, and miR-155, and are hence among the most thoroughly studied utilizing
global miRNA profiling and functional in vitro and in vivo models.

miR-17~92 cluster

The miR-17~92 cluster is encoded by C13orf25, which is upregulated in DLBCL
[184]. Functional evidence of oncogenic impact emerged from transgenic mice, in
which overexpression of the cluster in lymphocytes led to development of
lymphoproliferative disease. Furthermore, lymphocytes with ectopic expression of the
miR-17~92 cluster exhibited increased proliferation and diminished activation-
induced apoptosis by suppressing the tumor suppressor PTEN and pro-apoptotic
factor Bim [185].

Transcription of miR-17~92 is directly activated by MYC, an oncogene frequently
dysregulated and involved in the pathogenesis of DLBCL [186]. MYC and miR-
17~92 cooperatively contribute to B-cell lymphomagenesis and progression,
supported by suppressed tumorigenesis in MY C-driven lymphoma mice upon miR-
17~92 knockout. Furthermore, genetic ablation of individual miRNAs of the cluster
revealed miR-19a and miR-19b as key components for the oncogenic properties of
the cluster [187].

miRNA profiling of DLBCL cell lines identified miR-17, miR-19b, and miR-20a to
differentiate ABC and GCB classified cell lines, with higher expression in ABC-
DLBCL [188]. Conversely, assessment of expression levels of the individual miRNAs
in clinical samples did not reveal significant association to the molecular ABC/GCB
subclasses but documented inferior outcome of DLBCL patients expressing low levels
of miR-19a [180,189].
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miR-21

The oncomiR, miR-21, has been experimentally validated to play an important role in
the pathogenesis of DLBCL [190]. The oncogenic properties are supported by
elevated expression levels in most cancer types [191-193] and further by functional
studies of ectopic expression of miR-21 in vivo leading to development of lymphoma.
In addition, blockage of ectopic miR-21 expression by doxycycline-dependent
repression of the Cre/loxP activating system caused tumor regression, indicating miR-
21 not only to be involved in malignant transformation and development but also in
maintenance and progression, whereby miR-21 addiction in lymphomagenesis was
suggested [190].

miR-21 has been reported to affect response to CHOP, as knockdown of miR-21
sensitized DLBCL cells to treatment by affecting PI3K/AKT signaling through
regulation of PTEN [194]. In contrast, prognostic evaluation of miR-21 expression in
independent clinical studies representing 157 patients revealed high levels of miR-21
in serum and DLBCL tissue to be associated with superior outcome [191,195,196],
which challenges the common perception of miR-21 as an oncomiR and emphasizes
the ambiguity of studying miRNAs. Moreover, several studies report miR-21 to be
higher expressed in ABC-DLBCL as compared to GCB [191,196].

miR-34a

As opposed to the other commonly deregulated miRNAs described, miR-34a function
as a tumor suppressor that is downregulated in DLBCL [197,198]. The gene encoding
miR-34a is located in the chromosomal region 1p36.22, which frequently is deleted
in cancer [174]. In addition, hypermethylation of promotor-associated CpG islands
results in repression of miR-34a expression in several malignancies including DLBCL
[197-199].

Tumor suppressive activity of miR-34a was evidenced in a xenograft mouse model of
DLBCL, where systemic administration of miR-34a reduced tumor growth by
inducing apoptosis [198]. Further examination of the underlying tumor suppressive
mechanisms showed that miR-34a inhibits growth by targeting the transcription factor
FoxP1 [198,200], a hematopoietic oncogene with prognostic impact in DLBCL [201].
Moreover, miR-34a expression has been documented to increase sensitivity to
doxorubicin in functional studies of DLBCL cell lines and in addition being higher
expressed in DLBCL patients with predicted sensitivity to doxorubicin [181]. In
support, prognostic evaluation of miR-34a revealed superior clinical outcome for
DLBCL patients with high miR-34a expression [181,189].
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miR-155

miR-155 encoded by BIC (B-cell Integration Cluster, MIR155HG) possesses
oncogenic activity in numerous solid and hematological malignancies [202]. The
diagnostic, prognostic, and predictive biomarker potential of miR-155 in B-cell
malignancies is reviewed in paper I [183].

Elevated expression of miR-155 is documented in DLBCL patients, with higher
expression in ABC classified patients compared to GCB assessed using several
technical platforms including quantitative PCR, droplet digital PCR, and microarray
in a total of 370 patients [180,191,203-205]. Transcription of miR-155 is directly
activated by MYB and NF-«xB [206,207], both overexpressed in DLBCL [32,208].
Additionally, BCR activation induces miR-155 expression; thus, the constitutive BCR
and NF-«B signaling observed in ABC-DLBCL explain why ABC classified patients
exhibit high levels of miR-155 [29,30,33].

miR-155 has shown specific importance in the pathogenesis of B-cell malignancies.
Ectopic expression of miR-155 in transgenic mice resulted in development of B-cell
lymphoma [209-211], and subsequent withdrawal of miR-155 caused rapid tumor
regression partly by apoptosis [210]. Furthermore, the potential of miR-155 as a
therapeutic target has been investigated by injecting anti-miR-155 into tumor site of
a miR-155 addicted lymphoma xenograft, which substantially diminished the tumor
size and thereby presented promising anti-tumor effect of anti-miR-155 treatment in
vivo [210,211]. Currently, safety, tolerability, pharmacokinetics, and potential
efficacy of a miR-155 inhibitor (Cobomarsen, MRG-106) is tested in phase I clinical
trial (NCT02580552) with inclusion of patients suffering from ABC-DLBCL, CLL,
cutaneous T-cell lymphoma among others. For ABC-DLBCL, patients intolerant to
immuno-chemotherapy or with relapsed/refractory disease are eligible for inclusion
and are treated with subcutaneous or intravenous administration of Cobomarsen as
monotherapy [212], but no study report has yet been posted. However, as miR-155
plays a fundamental physiological role in the hematopoiesis and immune response,
systemic expression of this targeted inhibition is a challenge, potentially causing
severe side effects.
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2. HYPOTHESIS AND AIMS

Patients diagnosed with DLBCL very often suffer from primary refractory disease and
relapse by treatment-induced immuno-chemotherapy resistance, demonstrating that
standard provided R-CHOP regimens are not sufficient to cure all patients, present,
50-80% of DLBCL patients are alive after 5 years, depending on their risk profile.
Early detection of drug-specific resistance is of great importance to guide individual
therapy including selection of alternative treatments and sparing patients for
inefficient, but still toxic therapy. ldentification of underlying drug resistance
mechanisms and biomarkers are therefore pivotal when attempting to overcome
treatment resistance and improve clinical outcome.

The hypothesis of this PhD project was that miRNAs are important determinants in
the response to immuno-chemotherapy in DLBCL and that we by functional in vitro
studies and analysis of primary clinical samples can improve the understanding of
miRNAs biological function in drug resistance and the potential of stratifying patients
according to risk. Following aims were conducted to address the hypothesis:

Aim I: To obtain an overview of the potential of miR-155 as a diagnostic, prognostic,
and predictive biomarker as well as target of novel treatments in B-cell malignancies.

Aim I1: To pinpoint miRNAs involved in response to vincristine, a cornerstone of the
R-CHOP treatment regimen, by following steps:

o Determination of differential mMiRNA expression between vincristine sensitive
and resistant DLBCL cell lines.

e Functional manipulation of miRNA expression to validate the impact of the
candidate miRNA on vincristine response in DLBCL cell lines.

¢ Clinical data analysis to evaluate the prognostic impact of the candidate miRNA
in DLBCL and its association to cell-of-origin.

Aim 111: To overview the clinical and biological risk markers of vincristine-induced
neuropathy in hematological malignancies.

Aim 1V: To develop a classifier predicting drug response and outcome based on
expression of mMiRNAs associated with response to R-CHOP constituents by:

e Determination of differential miRNA expression between DLBCL cell lines
categorized as sensitive, intermediate responsive, and resistant to the individual
component of R-CHOP.

e Bioinformatic modeling to identify the strongest combination of single candidate
miRNAs associated with chemotherapy response and outcome.
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3. METHODOLOGICAL
CONSIDERATIONS

Material, methods, and statistics applied in this PhD dissertation are described in
material and methods sections of the respective papers, which contain all relevant
information regarding setup, reagents, and experimental procedure. The following
section describes the main technologies used and critically evaluates their potential,
applicability, and limitations.

Cell lines as a pre-clinical model

A panel of 15 DLBCL cell lines has been used for dose-response analysis of R-CHOP
constituents, and for selected cell lines functional studies has been performed
including ectopic expression, targeted repression, and CRISPR-Cas9-mediated
knockout.

Cell lines were passaged regularly with frequencies depending on the specific growth
rate of the cell line. As the proliferative ability of cells is affected by the number of
passages, the time of passaging, and the cell confluency, cell line experiments were
coordinated according to passaging and to be performed when cells were growing
exponentially. Cell lines were maintained in culture for no more than 20 passages to
minimize the risk of microbial infection, cross-contamination, and clonal subselection
of culture adjusted subpopulations. Cell line identity was confirmed when cells were
thawed and at the end of the culturing period by short tandem repeat (STR) profiling
of eight tetranucleotide repeat loci and the amelogenin gender-determining marker.
Furthermore, cell lines were screened for mycoplasma infection, since infection could
affect cellular growth, metabolism, and genetic profile [213].

In vitro human cell lines are a valuable pre-clinical model, which has been widely
used in cancer research, including pharmacologic investigation of therapeutics,
identification of response and resistance mechanisms as well as examination of
pathogenesis. However, it is important to take into account that the genetics of a cell
line resembles those in the tumor of origin and therefore, interpersonal variation
between patients and the substantial heterogeneity of cancer have to be addressed by
using a panel of cell lines. Panels of cell lines are useful for initial screening of drug
response; however, interpretation of the degree of response combined with multi-
omics data needs to be validated in functional and mechanistic studies as well as being
clinically investigated.

The application of in vitro models has the advantage of being fast, cost-efficient, easy
to handle and to genetic manipulate, and ethically beneficial in comparison to in vivo
models. Furthermore, cell lines are an unlimited material source as they can be
passaged repeatedly once they are established and recovered from cryopreservation
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due to the relatively high degree of homogeneity. Thus, cell line culturing enables
potentially infinite quantities for repetition of several experimental assays. However,
it is important to be aware of the disadvantages. During continuous culturing, cell
lines are prone to genotypic and phenotypic drift where subpopulations may arise and
cause phenotypic alterations over time by selection of clones with growth advantages
[214,215], which complicates the biological interpretation of results as well as the
data reproducibility across facilities. However, most human cell lines grown in vitro
retain their molecular features of their tumor of origin. Another limitation of human
cell line models is the lack of complexity, as influence of the tumor microenvironment
cannot be addressed in these simplified systems, requiring findings to be functionally
validated in more complex systems such as in vitro co-cultures and animals. Several
of the limitations of in vitro models are in this dissertation compensated for by
performing technical and biological replicates, using several authenticated cell lines,
and importantly by combining cellular and clinical findings.

Dose-response experiments

For each drug component of R-CHOP, dose-response experiments were conducted in
biological triplicates using three independent cultures of the same cell line. Fifteen
DLBCL cell lines were seeded at individual concentrations and incubated for 24 hours
prior to exposure to at least 16 doses dependent on the drug for 48 hours, ensuring at
least one cell cycle for all cell lines. The optimal seeding concentration was
determined for each cell line prior to drug challenge to ensure exponential growth
throughout the experiment in the untreated control.

An MTS assay was applied to estimate the effect of the drug by assessing the amount
of metabolic active cells. This assay exploits the mitochondrial reduction of
tetrazolium to formazan, a colored product directly proportional to metabolic active
cells. The method is simple, rapid, and reproducible, making it ideal for
comprehensive screening assays; however, cells with low metabolism as well as cells
in cell cycle arrest are indistinguishable from dead cells. In addition, as cell viability
is estimated indirectly by cell metabolism, no information is obtained on whether the
effect of a drug is caused by cell cycle arrest, apoptosis, or both. Thus, additional
methods are required to determine the mechanism of drug response. Assessment of
the number of living cells can be obtained using vital dyes such as trypan blue, which
is applied in the functional studies of this dissertation. As living cells possess intact
cell membranes, the dye is excluded, whereas dead cells are permeable and absorb the
dye resulting in a blue cytoplasm in the dead cells as opposed to a clear cytoplasm in
viable cells. However, subsequent cell counting is performed using a hemocytometer,
introducing the risk of counting errors and interobserver variability, thus, to ensure
representable assessment two chambers and at least 100 cells were counted, and all
chambers when cell number was less than 100. Further exploration of the functional
effect of the drug can be conducted by investigating proliferation, cell cycle
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distribution, and apoptosis by flow cytometry analysis, which however, is expensive,
time-consuming and therefore not suitable for large-scale experiments.
Dose-response experiments are often analyzed by comparing cell viability between
treated and untreated cells, by which the growth inhibition is estimated. Drug
efficiency is subsequently reported by GI-50, the drug concentration at which the
relative cell viability is 50% after a fixed time. However, response to a given drug is
dependent on exposure time and cellular growth rate, thus when the drug exposure
time is fixed for several cell lines, slow proliferating cells will appear less sensitive
than fast proliferating ones and vice-versa.

In the high-throughput dose-response screening experiments reported in this thesis, a
Growth-based dose-response model (G-model) was used, considering both drug
exposure time and cell growth kinetics, to enable comparisons between drug
sensitivity in the DLBCL cell lines [216]. The experimental setup consists of cell line-
specific seeding in two 96-well plates in which they incubate for 24 hours before
increasing drug concentrations and drug-solvent are added to each plate (Figure 7).
Background absorbance is measured immediately after drug exposure for plate 1,
while plate 2 is incubated for 48 hours prior to measurement. In addition, prior to
dose-response analyses, the viability of each cell line in presence of the respective
drug-solvents is tested, and moreover, a background control for each drug
concentration is performed to correct for potential influence of the drug on
absorbance
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Figure 7. Dose-response screens. DLBCL cells are seeded in two plates with cell line-specific
seeding concentrations on day 0. After 24 hours of incubation, increasing drug concentrations
are added to both plates, and plate 1 is immediately hereafter exposed to MTS reagent for 2
hours and absorbance is subsequently measured. Plate 2 are incubated for 48 hours prior to
MTS reagent exposure and measurement of absorbance. Wells labeled M contain media and
are not included in the analysis, CO wells contain drug solvent, and B denotes blank wells
containing culture medium and drug solvent. Boarder wells are omitted from data analysis.
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The statistical workflow of the G-model involves pre-processing of measured
absorbance to account for multiplicative errors and to correct for background
absorbance caused by the drug, estimation of cell line doubling times, isotonic
regression modeling of dose-response curves, and a bootstrap test for estimation of
confidence interval for summary statistics [216]. Summary statistics of the G-model
includes GI-50, the concentration at which total growth of the cells is inhibited (TGI),
the lethal concentration at which the cells decay with a halving time of 48 hours
(LCsg), and the area under the positive part of the dose-response curve (AUC).
Comparison of DLBCL cell lines was conducted by ranking them according to the
AUC, which has been documented as the best summary statistics of dose-response
experiments [217], followed by trichotomization into groups of sensitive,
intermediate-responsive, and resistant cell lines.

Despite the entire R-CHOP regimen being used in the clinical setting, single drug
screens were conducted rather than combinational studies since assessment of
combination effects between drugs is far from simple when drugs have nonlinear
dose—response curves like the components of the R-CHOP [181,216,218,219]. The
assessed combination effect will depend on the single-dose concentration at which
they are tested [220-222] and the order in which the drugs are given [219]. Despite
utilizing the same ratio between drugs like the one used in the clinical setting, the
actual concentration of each drug within the tumor is unknown and varies between
patients influenced by drug metabolism, drug distribution, and tumor site location.
Moreover, varying combinational effects occur in the clinical settings upon dose
reduction or drug substitution. In experimental multi-drug screens, it is impossible to
distinguish underlying response and resistance mechanisms, as both single- and multi-
drug resistance could impair treatment efficacy. However, recent results from study
of the mechanistic basis of R-CHOP showed no synergistic interaction between
components but very low cross-resistance. Thus, the drug components of R-CHOP
appear to be independently effective without overlapping resistance mechanisms [65],
though with different potency complicating biological interpretation of combinational
drug studies.

Functional in vitro studies

By combining global miRNA expression profiles of untreated DLBCL cell lines and
specific drug-responses, we identified miRNAs associated with R-CHOP
constituents. As the biological role and impact of miRNAs on actual drug response
cannot be interpreted alone from association to drug response, functional studies
including ectopic expression, targeted repression, and CRISPR-Cas9-mediated
knockout of miR-155 was conducted for direct assessment of the role and impact on
vincristine response.

Experimental manipulation of miRNA expression can be accomplished by direct
cellular delivery of synthetic RNA molecules or by vector-based approaches. As
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direct delivery approach of synthetic miRNA mimics and inhibitors potentially
require recurrent delivery as well as reduced efficiency in hard-to-transfect cells such
as B-cells [223], the vector-encoded approach was applied to ensure stable and
persistent transgene expression. Specifically, HL RNA polymerase Il promoter-
driven expression of a miRNA mimic encoding pri-miR-155 and simultaneous
expression of a green fluorescent protein (GFP) driven by a phosphoglycerate kinase
(PGK) promoter was utilized for upregulation of miR-155.

Suppression of miRNAs is based on full complementary antisense molecules that bind
the miRNA of interest and sequester the miRNA from its target mRNA. All miRNA
inhibiting strategies employ sequence complementarity and include antagomiRs,
RISC-loaded shRNAs, miRNA sponges, Tough Decoys (TuDs) among others.
Comparison of inhibitors documented robust and high suppressive capacity of TuD
inhibitors, which consist of an RNA hairpin with two miRNA binding sites [224].
Therefore, an RNA polymerase 11 driven fusion transcript containing the reporter gene
GFP and the TuD inhibitor directed towards miR-155 was utilized for miR-155
suppression. As functional studies were conducted in four DLBCL cell lines
exhibiting various sensitivity to vincristine and endogenous levels of miR-155, both
up- and down-regulation were applied. The endogenous level influences the effect of
the experimental expression manipulation, as it is challenging to increase expression
in cells with high intracellular levels and to reduce expression in lower-expressing
cells. Furthermore, it is difficult to increase sensitivity in intrinsically sensitive cell
lines and likewise, to induce resistance in intrinsically resistant cells. Thus, to ensure
phenotypic effect, both up- and down-regulation were performed in all four cell lines.

Evolutionally, cells have been selected to possess defense mechanisms against
acquisition of foreign genetic molecules, including naked DNA and RNA, which
induce an interferon reaction by nucleic acid sensing pathways [225,226]. Thus, these
mechanisms have to be overcome for delivery of vectors encoding the sequence of
interest, which can be achieved by applying chemical and physical agents whereby
DNA or RNA cargo can be transfected into cultured cells. However, this can be
difficult and even impossible in certain cell types, including B-cells, in which
introduction of sequences very often only can be obtained by viral-based transduction
[227]. Most commonly used are adeno-associated virus and lentivirus, of which the
latter was used for functional studies in this dissertation due to its ability to infect and
integrate a transgene randomly in the genome of nearly all mammalian cell types.

Lentiviral vectors are derived from Human Immunodeficiency Virus-1 (HIV-1), a
genus of the retrovirus family characterized by their RNA genome and the ability to
integrate into the genome of target cells by utilizing their reverse transcriptase and
integrase enzymes. This, combined with the capability of lentivirus to infect both
dividing and non-dividing cells, makes these vectors optimal vehicles for gene
delivery. To ensure safety of use, three generations of hybrid lentiviral systems with
depleted replication of wild-type virus have been developed and encompass multiple
plasmids encoding the viral proteins [228,229]. Nowadays, the third-generation
system is most commonly used and consists of four plasmids encoding core
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components of HIV-1 (Figure 8). The packaging GagPol plasmid encodes the Gag
gene encoding structural viral components including matrix, capsid, and nucleocapsid
and the Pol gene encoding enzymes essential for virus maturation and integration
(protease, reverse transcriptase, and integrase). The Rev plasmid encodes the Rev
proteins, which bind to viral transcripts containing the Rev responsive element (RRE),
facilitating export of the viral mMRNA from the nucleus to cytoplasm. The transfer
plasmid contains the gene of interest flanked by two long terminal repeats (LTRS),
which are not translated into protein but are essential for incorporation into the host
genome. Lastly, the env plasmid encodes envelope proteins that form the outer
structure of the virus. The gene encoding the envelope proteins in HIV-1 has been
exchanged to the gene encoding the envelope of vesicular stomatitis virus
glycoprotein (VSV-G), which targets the LDL receptor present on almost every all
cell type and thereby expands the viral tropism [230,231]. In addition, VSV-G
enhanced the stability of the virus particle, making high titer concentrations possible
by ultracentrifugation [231]. To generate lentivirus, the four plasmids were co-
transfected into HEK293T cells (Human Embryonal Kidney), which have been
engineered to have high transfection efficiency and to stably express the SV40 large
T-antigen.
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When applying functional genetic perturbation studies, it is important to consider
potential cellular compensatory mechanisms attempting to maintain fitness and
viability. For instance, by redundant genes, loss of one gene is compensated by
expression of another gene with a similar function, leading to none or diminished
phenotypic effect. Likewise, if the manipulated gene is involved in a stringently
regulated pathway, the altered expression could affect the expression of other genes
within the pathway to preserve its function. Moreover, induced up- and
downregulation can be compensated by transcriptional adaption resulting in
equilibrium. Other drawbacks of downregulation using TuD inhibitors are that it
mostly leads to partial gene silencing and potentially has off-target effects, thus
CRISPR-Cas9 mediated knockout of miR-155 was conducted to confirm the
functional impact on vincristine response.

CRISPR-Cas9

The discovery of the CRISPR-Cas9 system revolutionized targeted genome
engineering and is nowadays the most common technology in genome editing
[232,233]. Originally, the Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) and CRISPR associated proteins (Cas) were identified in bacteria and
archaea functioning as adaptive immune system towards bacteriophages and plasmids
[234]. As the CRISPR type Il system is harnessed for eukaryotic genome editing, the
following section focuses on that specific type.

When bacteriophages or plasmids infect bacteria, fragments of the foreign DNA are
integrated into the CRISPR loci of the bacterial genome as protospacers separated by
short palindromic repeats [234]. These are subsequently transcribed and processed
into trans-activating RNA (tracrRNA) and CRISPR RNAs (crRNAs), with the latter
being complementary to the spacer sequences [235]. Upon reinfection, the tracrRNA
assembled to the crRNA guides the Cas9 endonucleases to complementary target sites
upstream a protospacer adjacent motif (PAM), whereby Cas9 activity is initiated
[235]. Cas9 separates the DNA strands and induces a double-stranded break three
nucleotides upstream the PAM sequence, leading to degradation of the foreign DNA
[235].

By modifications of this bacterial defense system, CRISPR-Cas9 today functions as a
genome-editing tool, capable of introducing double-stranded DNA break at a specific
genomic location of interest [232]. The tracrRNA and crRNA have been fused to a
single guide RNA (sgRNA), which can be designed to target almost all genomic loci
in proximity to a PAM sequence [232,236]. Target complementarity is mediated by
20 nucleotides in the 5’end of the sgRNA, corresponding to the crRNA, and the
tracrRNA functions as a scaffold for Cas9 [232]. Once the sgRNA-Cas9 complex
binds to its target sequence, the Cas9 generates a double-stranded cut, which the
cellular DNA repair machinery will attempt to repair by either homology-directed
repair (HDR) or non-homologous end-joining (NHEJ) (Figure 9), the latter most
frequently [237]. Repair by NHEJ is a highly error-prone process, resulting in
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insertions or deletions (indels) of various lengths at the cut site. These indels may
induce frameshift mutations altering the open reading frame or premature stop codons
eliminating the production of functional protein, thereby resulting in knockout of the
targeted gene [233,238]. Thus, NHEJ of Cas9-mediated double-strand break results
in a heterogeneous population of cells, and therefore, clonal expansion of individual
clones has to be conducted to establish a cell line with the specific knockout. The
HDR pathway mediates precise repair using a homologous donor template, which can
be utilized to introduce or replace specific sequences [239]. However, repair by HDR
occurs in the late S and G2 phases of the cell cycle [239], making the precise insertion
of a desired modification a less efficient.

Cas9 endonuclease
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Figure 9. The CRISPR-Cas9 system. The genome-editing tool CRISPR-Cas9 is composed of
two components — the Cas9 endonuclease and a SgRNA complementary to the desired target
sequence. Once the sgRNA-Cas9 complex binds to the target sequence, Cas9 introduces a
double-stranded break (DSB), which is repaired by non-homologous end-joining (NHEJ) or
homology-directed repair (HDR). The most common repair pathway is NHEJ, which is error-
prone, resulting in frequent deletions and insertions (indels) of different lengths. The HDR
pathway can be employed to introduce or alter a specific sequence by delivering a donor
template. Figure adapted from [240].

The major advantage of the CRISPR-Cas9 technology is the relative simplicity of
design, where the sgRNA can target almost any DNA sequence, making the system
easily programmable. Moreover, by applying multiplex CRISPR using multiple
sgRNAsS, several genes can be targeted simultaneously. In contrast, previous genome-
editing tools such as zinc-finger nucleases (ZFNs) and transcriptional activator-like
effector nucleases (TALENS) are based on complex DNA-protein interactions, which
are difficult to design and require substantial optimization and validation [241].

A disadvantage of the CRISPR-Cas9 technology, as well as ZFN and TALEN, is that
they by generating double-stranded DNA breaks are dependent on the cellular DNA
repair mechanisms to function, and as indels generated by NHEJ occurs randomly,
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gene knockout as a result of frameshift and nonsense mutations does not necessarily
occur. Moreover, although CRISPR-Cas9 induces double-stranded break in both
alleles, subsequent repair potentially results in two different indel mutations within
the same cell. Off-target effects constitute another limitation of CRISPR, which,
however, is challenging to predict and varies in frequency depending on the sgRNA
and target sequence [238]. As breaks in non-target sites are caused by the ability of
Cas9 to cleave DNA in presence of imperfect sgRNA-target complementarity, new
high-fidelity Cas9 variants have been engineered to reduce off-target cleavage but
retain high on-target efficiency [242-244]. Another approach limiting off-target
effects is to decrease the concentration of sgRNAs and Cas9 endonucleases in the cells
[242]. Since viral delivery leads to stable and persistent expression [233], alternative
transient delivery methods can be utilized when attempting to reduce off-target
cleavage. Besides direct delivery of sgRNA and transcribed Cas9 mRNA [245],
sgRNA:Cas9 complexes can be delivered to the cells as ribonucleoproteins with the
advantages of being independent of translation into Cas9 protein and the relatively
short period of Cas9 activity [246,247].

Several genetic manipulation tools have been developed by utilizing the CRISPR
system, and an engineered catalytically inactive Cas9 (dCas9), which can be fused to
different effector domains, leading to CRISPR-based gene activation [248], gene
interference [248], specific base editing [249], epigenetic modifications including
DNA methylations and histone acetylation [250] among others, allowing researchers
to decipher the functional implications of all genes and biological mechanisms. In
addition, the simplicity of sgRNA design and the capacity to target nearly all genomic
regions have led to development of genome-wide CRISPR screens utilizing thousands
of unique sgRNAs targeting various genes [248,251]. By global CRISPR screens,
researchers are able to identify genes regulating a desired phenotype, and the approach
is especially useful for studying a phenotype where the underlying genetic alterations
are poorly understood.

Even though the CRISPR-Cas9 technology is commonly described as simple, cost-
efficient, and effective, a successful CRISPR gene editing experiment requires
optimal designing of sgRNA directed towards a target site with high specificity and
activity, efficient delivery of CRISPR-Cas9 components into target cells,
determination of the CRISPR-Cas9 activity by indel quantification, and isolation and
enrichment of clones. Thus, the CRISPR-Cas9 technology involves several choices of
applications and experimental optimizations.
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Gene expression

Gene expression profiling constitutes the second methodological part of this
dissertation, including determination of both global and single gene/miRNA
expression in clinical DLBCL samples.

The microarray platform has for decades been a valuable tool for identification of
biological characteristics and mechanisms by capturing the transcriptional activity in
a given sample. Gene expression profiling (GEP) has profoundly impacted biomarker
discovery and disease characterization, emphasized by several prognostic GEP-based
classification signatures in DLBCL [24-26,180]. Microarray utilizes hybridization
between complementary oligonucleotides, where the hybridization intensity
correlates to the concentration of target bound [252]. However, cross-hybridization,
limited dynamic range due to background and saturated signals, and dependence on
existing knowledge of the sequences are significant limitations of the technique. The
applied GeneChip Human Genome U133 Plus 2.0 platform from Affymetrix analyzes
the expression of more than 47,000 transcripts, representing 38,500 of the best
characterized human genes. It consists of more than 54,000 probe sets, which each
encompasses 11 oligonucleotide probes designed to detect the 3* end of a gene.

Determination of individual miRNA expressions has been conducted with two distinct
methodologies, quantitative PCR (qPCR) in paper 11 and droplet digital PCR (ddPCR)
in paper IV, which, however, rely on the same principles of PCR and enable detection
and guantification of specific cDNA targets within a sample. Detection of PCR signal
is achieved by TaqMan hydrolysis probes, designed with a 5 fluorescent reporter dye
and a quencher in the 3’ end. Upon primer extension, the DNA polymerase cleaves
the probe leading to a fluorescent signal, which increases proportionally with PCR
product accumulation (Figure 10A) [253].

gPCR relies on a continuous collection of PCR signals over a range of cycles, which
are converted into a numerical value. Specifically, the fluorescence intensity for each
sample is represented by the quantification number (Cq) corresponding to the cycle
number at which the fluorescent signal crosses the threshold of quantification, with a
low Cq reflecting high target quantity and vice versa. As the PCR efficiency varies
between assays, thereby confounding data interpretation, standard curves were
conducted at least three times on human brain reference cDNA to determine and
subsequently correct for assay-specific amplification efficiency (Figure 10B). To
ensure reliable and reproducible qPCR experiments, guidelines for Minimum
Information for Publication of Quantitate Real-Time PCR experiments (MIQE) have
been published [254]. Although the MIQE checklist is comprehensive and can be
difficult to follow entirely in practice, it is important to report sufficient experimental
information for other researchers to critically evaluate the quality and to reproduce
results.

The ddPCR application has been developed to provide high precision and absolute
quantification of nucleic acid targets in a sample. The method relies on the partitioning
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of a sample into multiple discrete reaction compartments (Figure 10C), where the
system by Bio-Rad partitions the sample in up to 20,000 uniform nanoliter-sized
droplets [255]. A PCR run will take place in each individual droplet resulting in
multiple replicates of a reaction. Upon droplet generation, target molecules in a
sample will be randomly and independently distributed into the droplet; thus, some
droplets will contain one or more target molecules, while others will contain none
(Figure 10C). This nature of random and independent distribution follows the rules of
Poisson distribution and allows the application of Poisson statistics for calculation of
the number of target molecules within a sample. All droplets will contain an intrinsic
fluorescence signal due to imperfect quenching of the fluorophore, however, positive
droplets containing target nucleic acid will emit a strong fluorescent signal resulting
from cleavage of the probe. Based on the fluorescence amplitude, a threshold is
placed, and each droplet is evaluated as either positive or negative, and by applying
Poisson statistics the absolute concentration can be calculated (Figure 10C) [255].
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Figure 10. Quantification of gene expression. A) The principle of hydrolysis probe-based
quantification. The primers and probe anneal to the complementary DNA sequences, and
subsequent primer extension will cleave the probe by the 5’-3” exonuclease activity of the Taq
DNA polymerase. Seperation of the fluorescent reporter (R) from the repressive quencher (Q)
will result in emission of a detectable fluorescent signal. B) Illustration of a standard curve,
used for gPCR, which is generated by plotting Cg-values as a function of the logarithm of
reference sample concentration. miRNA expression levels were calculated by normalization to
endogenous reference genes. C). Presentation of the three steps in ddPCR. The sample is
partitioned into separate droplets, subjected to PCR cycling with reactions taking place in each
droplet. The fluorescent signal of each droplet is analyzed. Figure adapted from [290].
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The major advantage of ddPCR is the absolute quantification of target sequences, as
ddPCR counts the number of molecules. For determination of gene expression, the
absolute quantification is used to calculate the relative expression level of the
unknown target to a reference. Proper reference genes that exhibit stable and equal
cellular expression independent of samples are important for both gPCR and ddPCR.
Endogenous reference genes are used for correction of potential RNA and reverse
transcription efficiency biases.

Another advantage of ddPCR is the use of end-point measurements of each reaction,
making the method independent of reaction efficiency, and enables nucleic acid
quantification without use of standard curves. Thus, not every PCR reaction has to
run perfectly, as opposed to gPCR. The massive partitioning of a sample enables
detection of small fold differences in target sequence between samples to be reliable,
by reducing the competition for primers and probes from background sequences.
Furthermore, it facilitates detection of rare targets, which otherwise can be difficult
due to dilution in a high amount of background sequences. Moreover, the multiple
reactions ensure that the concentration output is not significantly affected by the
position of the threshold, and results are not biased by the small fraction of droplets
that do not reach endpoint. Besides gene expression, ddPCR can be applied for
assessment of copy number variations, utilizing two probes designed to detect of a
specific variant and wild type, respectively. For these reasons, the use of the ddPCR
technology is expanding for both pre-clinical research and clinical approaches.
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4. SUMMARY OF MAIN RESULTS

This section presents results generated from the experimental work of paper Il [256]
and paper 1V [257]. As paper | is a literature review of the biomarker potential of miR-
155 in B-cell malignancies [183], not including original findings, it is not considered
in this section. Paper I11 [96] is also a review on clinical and molecular risk markers
of vincristine-induced neuropathy. As follow up to this topic, a pilot study was
performed from which unpublished data are presented.

Paper 1l

The aim of this study was to identify miRNAs involved in vincristine response in
DLBCL. By vincristine dose-response analyses, twelve DLBCL cell lines were
ranked according to growth inhibition and categorized as sensitive, intermediate, and
resistant [256]. In order to develop prognostic tools based on pre-treatment features
of tumors, baseline miRNA expression profiles of each cell line in untreated
conditions were utilized for differential miRNA expression analysis between
vincristine sensitive and resistant cell lines. Fifteen differentially expressed miRNAs
were identified, and miR-155 displayed the largest fold-change, with significantly
lower expression in vincristine resistant DLBCL cell lines. Consistent with this
association, suppression of miR-155 in intrinsically vincristine-sensitive SU-DHL-5
cells induced resistance, and ectopic upregulation increased the sensitivity (Figure 11)
[256].
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Figure 11. Selected functional assays. A) Suppression of miR-155 by Tough Decoy in SU-
DHL-5 cells induced vincristine resistance. B) Ectopic upregulation of miR-155 in SU-
DHL-5 cells increased vincristine sensitivity. Vincristine response is indicated as the
number of living cells relative to drug-solvent treated control (0.0pg/mL). MCS, SU-DHL-
5 cells transduced with a vector containing an empty multiple cloning site. Figure from [256]

Gene set enrichment analysis (GSEA) of SU-DHL-5 cells with induced expression of
miR-155 revealed enrichment for genes involved in the G2/M checkpoint and mitotic
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spindle assembly in comparison to control cells. In agreement, these gene sets were
depleted in SU-DHL-5 cells with reduced miR-155 expression [256], indicating that
miR-155 and the antimitotic drug vincristine affect the same biological mechanisms.
Based on these findings, we hypothesized that vincristine resistance mechanisms were
related to cell cycle regulation. Therefore, genes negatively correlated with miR-155
expression, which are involved in cell cycle processes, were selected and investigated
for potential as miR-155 targets. The WEEL gene possessing a miR-155 binding site
in the 3’UTR was identified [256] and has also been experimentally verified as a target
by others [258,259]. Consistently, increased protein levels of Weel were observed in
miR-155 knockout clones [256]. Notably, Weel is a kinase regulating cell cycle
progression at the G2/M transition, which affects sensitivity to antimitotic drugs
[115]. In accordance, chemical inhibition of Weel sensitized wild-type OCI-Ly7 cells
to vincristine [256]. Together, these results document that miR-155 regulates
vincristine sensitivity in cultures of GCB-DLBCL cells and further suggest a
mechanism through regulation of Weel.

Prognostic impact of miR-155 was assessed in our local cohort and verified in a large
independent cohort, both of primary DLBCL patients treated with standard R-CHOP.
Applying dichotomized miR-155 expression, inferior overall and progression-free
survival was observed for GCB-classified patients with high miR-155 expression,
whereas no prognostic stratification was obtained when analyzing all DLBCL patients
or ABC cases (Figure 12) [256]. Multivariate Cox regression analysis confirmed
independent prognostic effect of dichotomized and continuous miR-155 expression in
GCB-DLBCL. This suggests that the functional link between miR-155 and vincristine
response is strong enough to affect the clinical outcome of GCB-DLBCL patients,
even though they are treated with R-CHOP combinational therapy.
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Figure 12. Prognostic impact of miR-155. Kaplan Meier analyses were conducted for A)

ABC- and B) GCB-DLBCL patients. Dichotomized miR-155 expression by median split.
Figure from [256].
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Paper 111

Systematic literature review of vincristine-induced neuropathy [96] prompted us to
conduct a pilot study interrogating the dose-limiting side effect in DLBCL patients
treated at Aalborg University Hospital. The study aimed at determining the incidence
of vincristine-induced neuropathy and identification of potential biomarkers
predicting risk of neuropathy development.

Information on clinical manifestation of neuropathy and any subsequent alteration of
vincristine treatment was obtained for 92 DLBCL patients treated with CHOP or R-
CHOP by examining medical records. The incidence of vincristine-induced
neuropathy was 37% and led to alteration of vincristine treatment in 29 out of 34
patients (Table 2), and the remaining 5 developed neuropathy after treatment was
completed. The predominant alteration was substitution to vinblastine (Table 2),
another vinca alkaloid with less neurotoxicity potential [260]. Adjustments of
vincristine treatment occurred at different times in the course of treatment (Table 2.B).

A)
Treatment alteration
Neuropathy | Dose reduction | Substitution | Discontinuation | All
All +| 34 (37%) 4 (17%) 20 (59%) 5 (17%) 29
n=92 | - | 58 (63%)
CHOP! + 11 (48%) 2 (30%) 6 (40%) 1 (10%) 9
n=23 [ - | 12 (52%)
R-CHOP'" | + | 26 (38%) 2 (10%) 14 (65%) 4 (20%) 20
n=69 | - 43 (62%)
B)
Cycle| 1 2 3 4 5 6
Dose reduction 1 1
Substitution 1 1 1 6 5 6
Discontinuation 2 2 1

Table 2. Vincristine-induced neuropathy. A) Incidence of neuropathy manifestation and the
following adjustment of vincristine treatment. ' CHOP, CHOEP, CNOP, COP; ""R-CHOP, R-
CEOP, R-CHOEP. + indicates neuropathy, and — no reported symptoms of neuropathy. B) Time
outline of vincristine alteration in relation to the eight R-CHOP cycles.

Several clinical parameters, including age, performance status, creatinine levels,

among others (Table 3) were examined for neuropathy risk stratification potential,
however, all without significant difference between patients with and without
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neuropathy manifestation. Thus, in agreement with findings of the literature review
[96], none of the clinical parameters display potential as biomarkers of vincristine-
induced neuropathy.

Neuropathy No neuropathy p
n, (%) 34 (37%) 58 (63%)
Gender
Female 14 (41.2%) 24 (41.4%)
Male 20 (58.8%) 34 (58.6%)
Age
Median 64 64
Range 31-83 25-85
IPI 0.36
0-1 10 (29.4%) 23 (39.7%)
2-5 22 (64.7%) 33 (56.9%)
NA 2 (5.9%) 2 (3.4%)
Performance status 0.78
0-1 28 (82.3%) 49 (84.5%)
2-5 4 (11.8%) 6 (10.3%)
NA 2 (5.9%) 1 (1.7%)
Diabetes mellitus 0.92
Yes 5 (14.7%) 9 (15.5%)
No 29 (85.3%) 49 (84.5%)
LDH 0.14
Normal 13 (38.2%) 31 (53.4%)
Elevated 21 (61.8%) 26 (44.8%)
NA 0 1 (1.7%)
Alkaline phosphatase 0.14
Normal 18 (53%) 18 (31%)
Elevated 16 (47%) 39 (67.2%)
NA 0 1 (1.7%)
Creatinine 0.28
Normal 26 (76.5%) 49 (84.5%)
Elevated 7 (20.6%) 7 (12.1%)
NA 1 (2.9%) 2 (3.4%)

Table 3. Clinical parameters in DLBCL patients with and without neuropathy. P-values
from univariate logistic regression.

As opposed to the lack of association between clinical parameters and neuropathy
manifestation, multiple molecular markers were in the literature review identified to
possess the ability to stratify patients according to neuropathy risk [96].

In an attempt to stratify chemotherapy resistant and sensitive patients, our research
group has established predictors of response to standard multidrug regimens. We
developed resistance gene signature (REGS) classifiers based on systematic in vitro
dose response drug screens of 26 B-cell cancer cell lines, where the gene expression
profiles for each cell line in untreated condition were combined with degree of dose-
dependent growth inhibition after exposure to cyclophosphamide, doxorubicin, or
vincristine [218]. Using REGS, each of the 92 DLBCL patients was assigned a
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resistance probability for vincristine in the tumor, and subsequent analysis showed no

significant difference in neuropathy frequency between patients predicted to be
sensitive and resistant to vincristine (Table 4).

Vin REGS class Neuropathy
+ - In total
Sensitive 18 (56%) 14 (44%) 32
Intermediate 4 (8%) 9 (92%) 13
Resistant 11 (34%) 20 (66%) 31

Table 4. Neuropathy incidence in predicted vincristine response classes. No association
between predicted vincristine response, obtained by REGS classification, and neuropathy

incidence was observed (2 , p=0.09). + indicates neuropathy, and — no reported symptoms of
neuropathy. REGS, resistance gene signature.
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Paper IV

In this study, we elucidated the predictive potential of a miRNA-panel, developed
from miRNAs identified to be associated with the response of individual compounds
of R-CHOP. DLBCL cell lines were analyzed with systematic single drug screens of
each R-CHOP component followed by division into groups of sensitive, intermediate,
and resistant cells for rituximab, cyclophosphamide, doxorubicin, and vincristine,
respectively. Differential analysis of baseline miRNA expression was conducted
between sensitive and resistant cell lines for each drug, resulting in identification of
43 miRNAs associated with one or more R-CHOP compounds [257].

For clinical applicability and assessment of predictive potential, miRNAs detected by
probe sets of the HG-U133 GeneChip were selected for subsequent statistical
modeling. Specifically, 11 probe sets covering 9 drug associated miRNAs were
included. Using HG-U133 gene expression profiles and clinical outcome information
of R-CHOP treated DLBCL patients, training and validation of prognostic miRNA-
panel classifiers were performed for all DLBCL patients and restricted to ABC and
GCB classified patients. To test both non-parametric and parametric survival analysis
models, random survival forest and multivariate Cox regression were utilized for
generation of classifiers. The prognostic performances were evaluated by Brier
Scores, estimating the predictive accuracy, and time varying area under the ROC
curves (tAUC). Multiple Cox regression-based classifiers displayed better predictive
accuracy in comparison to the random survival models, which had higher prediction
errors (Figure 13A). In GCB-DLBCL, the Cox miRNA-panel constituting probe sets
detecting miR-21, the miR-23a~miR-27a~miR-24-2 cluster, miR-34a, miR-146a, and
miR-155 (Table 5), exhibits prognostic performance comparable to IPI (Figure 13B).
Furthermore, addition of the drug-response associated miRNA-panel to IPl improved
the prognostic utility of IPI in GCB-DLBCL (Figure 13B).

Feature miRNA Hazard Ratio
IPI2-5 3335
232504 at miR-146a 0857
220437 _at miR-155 0.868
220990_s_at miR-21 0.995
1555847 _a_at miR-23a~miR-27a~miR-24-2 0958
235571 _at miR-34a 0776

Table 5. Probes and detected miRNAs constituting the multivariate Cox model. The
miRNA panel model was trained within the GCB subclass of DLBCL patients. Only miRNA
probes significant in univariate Cox regression analysis were included in this model. Table from
[257].
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Figure 13. Evaluation of the predictive potential of generated models in GCB-DLBCL.
The accuracy of predicted survival by the developed models vs. observed progression-free
survival assessed by A) Brier Scores and B) time varying area under the ROC curves (tAUC).
Figures depict means + 2 standard deviations estimated across the 10 repeats of cross-
validation. The predictive models include multivariate Cox regression models using either age
(CoxAge), IPI (CoxIPI), expression of miRNAs (CoxMIR), or miRNA expression in
combination with IPI (CoxMIRIPI), and random survival forest models using expression of
miRNAs (RSFMIR) or miRNA expression combined with IPI (RSFMIRIPI). The model
combining the miR-panel and IP1 (CoxMIRIPI, dark blue) performed the best with the lowest
prediction error in A) and the highest area under the ROC curve in B). Time in years. Figure
from [257].

Utilizing the developed miRNA-panel classifier alone and in combination with IPI, a
risk prediction score was calculated for each GCB classified patient. Division into
groups of high-, intermediate-, and low-risk documented adverse prognosis of high-
risk patients (Figure 14A+B). Thus, miRNAs associated with R-CHOP components
display the potential to stratify GCB-DLBCL patients into prognostic risk groups, and
combination of the miRNA panel and IPI improves the prognostic performance. All
included mMiRNAs were initially identified to be associated with response to
doxorubicin and/or vincristine, with high expression levels in sensitive cell lines. In
agreement, the survival analysis revealed correlation between higher expression levels
and superior prognosis.
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Figure 14. Kaplan Meier analysis of risk-groups of GCB-DLBCL patients. Applying the
A) miRNA panel and B) miRNA panel in combination with IPI, GCB-DLBCL patients were
classified as low-, intermediate-, and high-risk. P-values from log-rank test. Time in years.
Figure from [257].
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5. DISCUSSION

This section discusses the overall and additional considerations of presented data.
Discussion of the main results of each study is included in the papers and will not be
repeated except for contextual purposes.

Treatment challenges in DLBCL

Cancer therapy is shifting towards precision medicine tailoring therapeutic
interventions to the individual patient characteristics by integrating clinical
information and molecular features of the tumor. By moving beyond the conventional
“one-fits-all” approach, precision medicine aims to identify the medical treatment that
is likely to confer the greatest benefit to the individual, sparring side effects and the
expense of interventions likely without efficacy [261]. In DLBCL, the significant
molecular difference between ABC and GCB subclasses has been employed in
clinical trials evaluating the opportunity to optimize treatment efficacy by subclass-
specific targeted treatment, yet all eventually failed (Table 1) [68-76]. However, the
recent genetic classifications have highlighted the extent of molecular heterogeneity
of DLBCL [58-62], and only if consensus on genetic subgroups are reached a
trustworthy guidance of therapeutic targeting appear realistic.

The lack of treatment improvements is multifactorial involving potentially
overlapping resistance mechanisms between R-CHOP components, overlapping
toxicities leading to dose reduction or omission, and biological heterogeneity of the
patient population [110]. The failure of various trials emphasizes that R-CHOP
constitutes a potent treatment combination that needs further investigation for an
improved understanding of the underlying response and resistance mechanisms. In
general, the pharmacological principles and underlying molecular mechanisms of
multidrug combinations are poorly understood since they often were developed by
empirical experimentation in patients without further mechanistic analysis. However,
such information is pivotal for development of new treatment strategies including add
on drugs. A recent investigation of the pharmacological interaction and cross-
resistance among the R-CHOP compounds revealed clinical superiority by
independently cytotoxic drugs having non-overlapping resistance mechanisms [65].
Therefore, identification of underlying mechanisms and factors involved in response
to the individual drugs of R-CHOP is crucial for improved understanding of the entire
regimen.
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Vincristine-induced neuropathy

Treatment efficiency is, in addition to resistance, influenced by numerous patient-
related factors, such as pharmacokinetics and treatment adjustments according to
performance status, co-morbidities, and side effects. The dose-limiting side effect of
vincristine is neuropathy, where severity increases by cumulative dose [96]. In our
local pilot cohort, the incidence of vincristine-induced neuropathy was 37%, resulting
in an alteration of vincristine treatment in all patients with manifestations during the
course of R-CHOP therapy. We did not assess the impact of vincristine alteration on
treatment efficacy and outcome due to limited cohort size, unequal treatment
regiments (CHOP vs. R-CHOP), dose reduction concentration, substitution, and cycle
number in which treatment was adjusted. Dose reduction of vincristine has been
shown to confer inferior prognosis in R-CHOP treated DLBCL patients [100], in
contrast, another study reported that omission of vincristine did not affect outcome
[262], an inconsistency potentially caused by patient-specific vincristine alterations.
A significant limitation of the study is that information on neuropathy was obtained
by clinical interview, introducing the risk inter-observatory variability. Our literature
study revealed no consensus between studies in neuropathy assessment tools and
scoring systems, leading to inconsistency in reported incidence, severity, and the risk
stratifying potential of various clinical and molecular parameters [96]. In agreement
with findings of the literature review [96], none of the clinical parameters investigated
in this study exhibited association to neuropathy (Table 3).

When assessing a potential molecular marker in our pilot study, predicted vincristine
sensitivity [218] did not display association to neuropathy manifestation (Table 4), an
observation that could be expected as the sensitivity predictions are based on
transcriptional profiles of the tumor, whereas neuropathy manifests in neurons.
Molecular markers of neuropathy risk are therefore presumably germline mutations
rather than somatic, and in agreement, a study analyzing normal cells isolated from
acute lymphoblastic leukemia patients identified an association between
polymorphisms in the drug transporters, ABCC1, ABCC2, and ABCB1, and
incidence and severity of neuropathy [263,264]. Moreover, inherent mutations in the
gene encoding the CYP3A5 enzyme, which metabolizes vincristine, have been shown
to increase the risk of neuropathy, though with some inconsistencies between studies
[96,108,265]. Unfortunately, we lack normal samples of the patients in this pilot
cohort, limiting the ability to identify promising markers.

MiRNA involvement in drug response

To identify miRNAs implicated in vincristine response, differential miRNA
expression analysis was performed between sensitive and resistant DLBCL cell lines.
Since the selected response division of cell lines may influence the output, multiple
split strategies were applied to ensure a robust result. miR-155 had the highest fold-
change difference irrespective of split strategy and was subsequently functionally
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verified to increase vincristine sensitivity in GCB-DLBCL cells [256]. Functional
analyses were conducted in two ABC and GCB cell lines, respectively, to eliminate
the risk of cell line-specific effect. Although both up- and down-regulation of miR-
155 was performed relative to the intrinsic vincristine response and endogenous miR-
155 level, no effect on vincristine response was observed in ABC-DLBCL [256].
The rank of cell lines according to vincristine sensitivity, led to the observation that
the extremes were defined by GCB cell lines, whereas ABC cells were intermediate
responsive to vincristine despite having high miR-155 expression. Consequently, the
involvement of miRNAS in vincristine response addressed in this study was restricted
to GCB DLBCL and could explain why the manipulation of miR-155 in ABC cells
did not affect vincristine sensitivity. We eliminated the possibility of technical
limitations since successful transduction was documented by cellular expression of
the reporter GFP. In addition, applied lentiviral vectors and the subsequent up-
regulation or suppression of miR-155 had no toxic effect on either ABC or GCB cells
[256]. The functional data indicate that the mechanism of miR-155-mediated
vincristine response regulation is cell-of-origin selective potentially due to different
targets affected depending on the cell type in which miR-155 is expressed. As the
subsequent target gene analysis was restricted to GCB cells, it is arguable that further
studies should have been performed in ABC cells to examine the possibility of ABC
and GCB-specific targets.

Pathways affected by miR-155 was examined by GSEA and moreover, gene ontology
analysis was utilized for identification of miR-155 target genes implicated in
vincristine response. Although both approaches are prominent standard tools for
identifying deregulated pathways of various biological states of clinical samples and
cell lines [266,267], data interpretation of enriched and depleted gene sets should be
conducted with caution. In GSEA, an enrichment score is calculated for an a priori
defined set of genes having the same biological function based on their differential
expression between two biological states or phenotypes [266]. Notably, overlapping
genes of the respective gene sets lead to outputs with hundreds of significantly
enriched gene sets, complicating the interpretation and the aim of obtaining a list with
limited numbers of affected pathways. To alleviate this limitation, we restricted the
analysis to the ‘Hallmark’ gene sets from the Molecular Signature Database, which
consists of 50 refined gene sets derived from several founder sets to reduce the
redundancy across gene sets and provide concise outputs [266,268]. With utility of
GSEA, the G1/S and G2/M checkpoints and mitotic spindle assembly mechanisms
were identified as putative downstream effectors of miR-155 [256]. Consistently, the
E2F transcription factor and Weel kinase controlling G1/S and G2/M transition,
respectively, are experimentally verified targets of miR-155 [258,259,269]. Likewise,
we observed decreased Weel mRNA expression in ectopic miR-155 expressing SU-
DHL-5 cells and, conversely, increased protein abundance in miR-155 knock-out
clones [256]. Weel controls the spindle assembly checkpoint, activated upon
vincristine exposure due to impaired mitotic spindle formation leading to mitotic
extension and eventually apoptosis [115]. Chemical inhibition of Weel sensitized
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DLBCL cells to vincristine [256], suggesting that the increased vincristine sensitivity
observed upon high miR-155 expression is mediated by repression of Weel, leading
to continued activation of the spindle assembly checkpoint. However, further studies
investigating the effect of miR-155 on cell cycle distribution, mitotic spindle
assembly, and apoptosis are warranted to determine the mechanisms, which can be
caused by additional targets and cellular pathways. As a specific miRNA has several
target mRNAs, the phenotypic effect of deregulating the miRNA is most likely
mediated via multiple targets, of which some potentially reside in the same pathway.
Therefore, we investigated the pathways affected by miR-155 by GSEA prior to target
gene analysis, which in addition to Weel, identified multiple other predicted targets
involved in cell cycle regulation (CAB39, RPS6KB1, GSK3B, PARD3B, TFDP2,
C7orf25, PAK2, RBBP4).

Since cell lines are simplified model systems that do not reflect the complexity in
patients, in vitro findings often need verification in vivo or in 2- or 3-dimensional
culture assays simulating the natural setting. Alternatively, clinical investigations can
be conducted to examine the clinical relevance. As the second aim in this thesis was
to determine the involvement of miRNAs on vincristine response and the impact on
prognosis, we performed clinical outcome analysis in primary DLBCL patients. The
in vitro results on subclass-specific effect of miR-155 in addition to the differential
expression of miR-155 between the subclasses [183,256] prompted us to investigate
ABC and GCB classified patients separately. This revealed a favorable prognosis of
GCB patients with high miR-155 expression, whereas no association to outcome was
observed in ABC-DLBCL cases [256]. Although this finding supports the GCB-
selective role of miR-155 on vincristine sensitivity, it could appear controversial when
considering the known oncogenic properties of miR-155 [202,209-211]. In general,
the investigation of miRNAs is complex, and studies inconsistently account as to
whether a particular miRNA has oncogenic or tumor-suppressive effects [169].
However, miRNAs can display duplicity having both properties by targeting tumor
suppressors and oncogenes, respectively, which furthermore can vary depending on
the cell type in which it is expressed [124,149,169]. Moreover, miRNAs can modulate
the tumor microenvironment [170,270-272] and, as in this study, sensitivity to
treatment [256,273], why the phenotypic effect of a miRNA is a result of all these
aspects.

In the past years, long non-coding RNAs and circular RNAs (circRNA) have obtained
increased attention [274,275]. Like miRNAS, these exhibit tissue- and cell type-
specific expression and play a role in normal cellular processes and cancer
development [274-276], which, however, is largely undefined. The biological
function of circRNAs is not yet fully elucidated, but miRNA sponging properties have
been documented for particular circRNAs [277]. Notably, circRNAs display
promising potential as biomarkers due to their stable circular structure, arising from
back-splicing where the 3° end of an exon is covalently joined to the 5’end of the same
or another exon [275,278].
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The DLBCL patients included for prognostic assessment have been treated with
standard R-CHOP; thus, the clinical outcome is a summed effect of all drug
components of the regimen. Nevertheless, prognostic evaluation of miR-155
documented increased overall and progression-free survival in GCB patients
exhibiting high miR-155 expression, indicating that the regulatory role of miR-155 on
vincristine is strong enough to affect the overall clinical outcome in GCB DLBCL.
However, considering the complexity of miRNAs, the clinical superiority of high
miR-155 expression could be caused by additional factors than through vincristine
response. While the puzzling issue of why miR-155 is not associated with outcome of
ABC patient remains not fully elucidated, the prognostic significance in GCB-
DLBCL is compelling. Nevertheless, clinical applicability for prognostic assessment
is doubtable due to the broad range of miR-155 expression.

Based on the identified prognostic impact of miR-155, we aimed at developing a panel
of miRNAs associated with the individual R-CHOP compounds that could improve
the predictive potential. By using several markers, the likelihood of capturing the
spectra of the biology in a heterogeneous tumor is increased, strengthening the
robustness [279,280]. The initial analysis in paper IV was to identify drug-response
specific miRNAs. Subsequent filtering of the 43 identified miRNAs to those mapped
by HG-U133 array probes led to a list of 9 candidate miRNAs, which were used as
input for modeling of prognostic classifiers [257]. Although the reduction of the
number of miRNAs is a significant limitation of the study, it was a strategy that
allowed clinical assessment of miRNA expression in independent clinical cohorts.
The multivariate Cox regression miRNA-panel model encompassing miR-21, miR-
23a~miR-27a~miR-24-2 cluster, miR-34a, miR146a, and miR-155 displayed the best
predictive accuracy in DLBCL patients of the GCB subclass, whereas high prediction
errors were observed for all generated models in ABC classified patients [257]. As
mentioned above, the study of miRNASs in vincristine response was restricted to the
GCB subclass, and likewise, GCB cell lines predominate the groups of doxorubicin
sensitive and resistant cells, emphasizing the different biological pathogenesis of ABC
and GCB subclasses [24,25]. The majority of candidate miRNAs utilized for
prognostic modeling are associated with vincristine and doxorubicin [257], which are
key components of the R-CHOP regimen [84,281], explaining the better performance
of developed miRNA-panel models in GCB-DLBCL in comparison to ABC-DLBCL.

In addition to the regulatory role of miR-155 on vincristine response documented in
paper 1l [256], miR-155 was found to be associated with doxorubicin sensitivity and
rituximab resistance [257]. The associations are based on statistics; thus, functional
examination must be performed to determine the direct impact of miR-155 on
response to these drugs. In contrast, to the identified association between doxorubicin
sensitivity and high miR-155 expression, suppression of miR-155 in a lung cancer cell
line increased the sensitivity to doxorubicin [282] whereas we in functional studies of
DLBCL cells did not observe any effect on doxorubicin response (data not shown), in
consistence with others [180]. This inconsistency is most likely a result of the tissue
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and cell-type dependent effect of a miRNA and emphasizes the challenge of
comparing studies of miRNAs. Of the other miRNAs in the prognostic panel, miR-
34a has by lentiviral intervention been functionally verified to increase sensitivity to
doxorubicin in DLBCL cells, consistent with the association we observe [181].
Contradictory, miR-21, which we found to be highly expressed in vincristine
sensitive cells, has been shown to confer resistance towards combinational CHOP
treatment in a DLBCL cell line [194].

The clinical applicability of the miRNA-panel classifier is limited despite prognostic
impact similar to what observed for IPI and the ability to improve the prognostic
performance by combining the miRNA-panel and IPI. However, as a proof of concept,
it shows that molecular markers can be combined to improve clinical IPI. The primary
limitation of the classifier is the restriction to the GCB subclass, whereby it is only
applicable for approximately 50% of patients diagnosed with DLBCL [24,25]. In
addition, recent observations of genetic heterogeneity within the ABC and GCB
subclasses have led to molecular classifications based on tumor genetics [58-62] and
potentially a shift in the paradigm of DLBCL subclassification from transcriptional
based to rely on genetics [63]. Whether the miRNA panel is associated with the new
genetic subgroups is yet to be examined.

Translation of biomarkers and classifiers into clinical practice is challenging and
requires a strong correlation between biomarker and phenotype, validation in large
independent cohorts, standardized material handling and detection methods, and
prospective testing [283]. Moreover, classifiers often involve cohort-based
normalization and clustering, whereby the assigned subtype can vary depending on
the tumors included. This is an obstacle for applicability in a clinical setting where
one patient is classified at a time [55,60].

Quantification of the miRNAs included in the prognostic panel can be performed by
the HG-U133 probe sets or by ddPCR, which in contrast measures the mature miRNA
expression. ddPCR has the advantage of being sensitive, enabling detection and
quantification of rare and low abundant targets and is therefore a useful approach for
liquid biopsies [284,285], where molecular markers derived from apoptotic and
necrotic cancer cells are detected in blood or other body fluids. On the other hand, the
HG-U133 platform has been widely used for ABC/GCB subclassification [24,25];
thus, determination of the expression of the miRNA encoding genes does not require
additional experimental work. However, IHC is often used for subclassification into
GCB/non-GCB [52,53], and moreover, the latest recommendation from the WHO is
to perform ABC/GCB classification using the Nanostring technique [9]. Thus, this
will require quantification of the seven miRNAs by ddPCR, which will be impractical
despite the use of multiplex assays.

A limitation of the current work is that the drug compounds of R-CHOP potentially
have additional mechanisms of actions in humans, which are not possible to assay in
cultured cells. The antineoplastic effect of rituximab is mediated by direct signaling-
induced apoptosis, complement-dependent cytotoxicity, and antibody-mediated
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cellular toxicity [286], where we in this study only address the direct apoptotic and
complement-mediated effect by performing rituximab screens in presence of human
serum as a source of complement. Likewise, the antibody-mediated killing induced
by cyclophosphamide through cytokine release and attraction of macrophages was not
assayed [287], which, however, is a less prominent mechanisms in comparison to the
alkylating cytotoxic effect. As the primary mechanism of the R-CHOP chemothera-
peutics is blockage of mitosis with utility of various approaches, in vitro analysis was
appropriate for this study.
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CONCLUSIVE REMARKS & FUTURE PERSPECTIVES

6. CONCLUSIVE REMARKS &
FUTURE PERSPECTIVES

Treatment improvements of DLBCL have been limited in the past decade despite
several clinical trials based on molecular-guided targeted therapy. Notably, all trials
utilizing add-on drugs to the standard immuno-chemotherapy regimen, R-CHOP,
have unfortunately failed to contribute to significant improvements in survival
outcome. This highlights that the standard R-CHOP regimen is still the most important
and robust choice of first-line treatment, even if the underlying response and
resistance mechanisms are not fully understood. This PhD study interrogated the
involvement of miRNAs on response to R-CHOP components and their potential to
stratify DLBCL patients according to risk. miR-155 was confirmed to regulate
vincristine response in GCB-DLBCL cells, potentially by suppressing the identified
target Weel. However, further mechanistic studies unraveling the mechanism of
response is warranted for complete understanding. Prognostic evaluation documented
superior clinical outcomes of GCB-DLBCL patients with high expression levels of
miR-155, implying that the regulatory role of miR-155 on vincristine response is
powerful enough to influence the clinical output despite treatment with combinational
R-CHOP therapy. Deregulation of miR-155 in ABC cells did not affect vincristine
sensitivity, and the expression was without prognostic impact in ABC patients,
implying subtype-specific regulation of vincristine response.

By statistical modeling, we combined miRNAs, identified to be associated with
individual compounds of R-CHOP, and developed prognostic classifiers by applying
multivariate Cox regression and random survival forest analysis. The Cox panel
model encompassing miR-21, miR-23a~miR-27a~miR-24-2 cluster, miR-34a,
miR146a, and miR-155 was documented to display the highest predictive accuracy in
GCB-DLBCL, exhibiting prognostic utility comparable to IPl. Moreover, the
prognostic performance was substantially improved by combining IPI and the
miRNA-panel, emphasizing the importance of including both clinical and molecular
features for prognostic assessment of DLBCL patients. Notably, both miR-155
expression and the miRNA-panel identified a high-risk subgroup of GCB-DLBCL
patients, commonly considered as the prognostic favorable subclass of DLBCL.

The presented studies document functional impact of miRNA on drug response in
DLBCL, yet the effect of miRNAs is comprehensive and complex due to the large
number of target genes, which in addition is tissue- and cell-type specific. This
complexity limits the clinical applicability of miRNAs as risk markers, however, as a
proof of concept, we show improvement of risk stratification by combining molecular
and clinical parameters. With the recent years of comprehensive investigation of the
mutational landscape of DLBCL, revealing a compendium of genetic aberrations,
future studies of treatment resistance should strive for functional understanding of
recurrent genetic alterations and their implications in drug resistance. The CRISPR-
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Cas9 technology enables scientists to edit genes with unprecedented speed and
efficacy and is an indispensable tool for functional understanding of genetic
alterations. The combination of next-generation sequencing data of patient tumors and
functional molecular understanding by CRISPR possesses enormous potential for
future individual tailored treatment and novel treatment strategies.

When the underlying mechanisms of drug resistance are poorly understood, global
CRISPR library screens can be employed to identify genes that induce resistance. As
DLBCL is characterized by several hallmark mutations causing constitutive activation
[30-34,39,40], global CRISPR activation screens are preferable to aim at clinical
relevant data. Moreover, transcriptional profiling of drug-resistant clones, expressing
increased levels of respective candidate genes, can be performed to identify cellular
signatures of perturbations. With support from resources such as the Connectivity
Map [288], small molecule compounds antagonizing the effect of perturbation can be
selected in order to test whether resistance can be overcome. This has the potential to
identify actionable drug targets in treatment resistance, providing useful information
for future clinical trials.
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MicroRNAs have the potential to be useful biomarkers in the development of individualized treatment since they are easy to
detect, are relatively stable during sample handling, and are important determinants of cellular processes controlling pathogenesis,
progression, and response to treatment of several types of cancers including B-cell malignancies. miR-155 is an oncomiR with a
crucial role in tumor initiation and development of several B-cell malignancies. The present review elucidates the potential of miR-
155 as a diagnostic, prognostic, or predictive biomarker in B-cell malignancies using a systematic search strategy to identify relevant
literature. miR-155 was upregulated in several malignancies compared to nonmalignant controls and overexpression of miR-155 was
further associated with poor prognosis. Elevated expression of miR-155 shows potential as a diagnostic and prognostic biomarker
in diffuse large B-cell lymphoma and chronic lymphocytic leukemia. Additionally, in vitro and in vivo studies suggest miR-155 as
an efficient therapeutic target, supporting its oncogenic function. The use of inhibiting anti-miR structures indicates promising
potential as novel anticancer therapeutics. Reports from 53 studies prove that miR-155 has the potential to be a molecular tool in

personalized medicine.

1. Introduction

Personalized medicine is a new principle that aims at tailoring
medical treatment of the individual patients and thereby
ending the current “one-fits-all” strategy. Today’s cancer diag-
nostics are typically based on clinical findings, morphology,
histology, cytogenetic, immune-phenotyping, and molecular
genetic data, but still identification of the molecular pathways
driving tumorigenesis often fails [1]. Different B-cell malig-
nancies share common molecular pathways, which is why
they may benefit from the same pathway-specific targeted
treatment. Additionally, tumor subtypes within one disease
entity can be characterized by distinct molecular pathogene-
sis markers as genetic aberrations or transcription phenotypic
markers but still be treated alike causing inefficient expen-
diture treatment regardless of potential subgroup-specific

treatment efficiency. The aim of personalized medicine is
to drive the development of a more accurate classification
of disease, defined by molecular pathogenesis ultimately
enhancing diagnosis and treatment by the use of easy
detectable biomarkers [2].

Biomarkers are defined as objective indicators of bio-
logical processes, pathogenic processes, or pharmacologi-
cal response to a therapeutic intervention [3]. Diagnostic
biomarkers identify the presence of disease and differentiate
normal from malignant or distinguish different diagnoses or
progression stages. Prognostic biomarkers provide informa-
tion about clinical outcome for a class of patients when given
a specific treatment, whereas predictive biomarkers provide
information on how patients are expected to respond to a
drug or treatment regimen. Most importantly, all biomarkers
should add further information to present clinical tools. In



TaBLE 1: Cancer relevant target genes for miR-155 supported by
experimental observations.

Main effect of aberrant miR-155

Target genes . Reference
expression

SHIPI PI3K/AKT activity [22, 23]

B-cell proliferation

AID 1mmunoglobulm diversification/class [24]
switch

PUL 1mmunoglobulln diversification/class [25]
switch

HGAL cell motility [26]

C/EBPf 1 B-cell proliferation [23]

SMADS evasion of TGF-f’s growth inhibitory [27]
effects

FADD | apoptosis [28]

Ripk | apoptosis [28]

SOCs1 STATS5 activation [29]

AID, activation-induced cytidine deaminase; C/EBP , CCAAT/enhancer-
binding protein ; FADD, Fas-Associated protein with Death Domain;
HGAL, human germinal center-associated lymphoma; SHIP1, SH2 domain
containing inositol 5'-phosphatase 1; SOCSI, suppressor of cytokine signal-
ing protein 1.

order to ensure accurate stratification, ideal biomarkers need
to be easy to detect and provide both high sensitivity and
specificity [4].

MicroRNAs (miRNAs) have been demonstrated to pos-
sess biomarker potential in multiple diseases [5], both indi-
vidually and when combined in signature profiles [6-9].
miRNAs are short noncoding RNAs of 20-22 nucleotides
that function to regulate gene expression at the posttranscrip-
tional level. They play fundamental roles in the regulation
of cellular proliferation, differentiation, and apoptosis [10].
miRNAs are deregulated in many types of cancer, including
B-cell malignancies, where they can function as oncogenes,
favoring initiation and progression of cancers, or as tumor
suppressors, preventing tumorigenesis [11, 12]. One of the
most widely studied miRNAs in B-cell malignancies is the
oncogenic miR-155, transcribed from a noncoding RNA
BIC (B-cell Integration Cluster). miR-155 biogenesis is only
briefly summarized since it has recently been extensive and
thoroughly reviewed by others [13, 14]. At normal physiologic
conditions, miR-155 is a crucial player in hematopoiesis, the
immune response, and inflammation [15-18]. It has been
found to be upregulated in several types of cancers [19] and
has shown specific importance in the pathogenesis of B-
cell malignancies. The oncogenic function of miR-155 can
be explained by its target genes and the involved underlying
molecular pathways presented in Table 1. Overexpression of
miR-155 in mice results in development of lymphoprolifera-
tive diseases, while subsequent withdrawal leads to remission
[20]. Thus, miR-155 is suggested to be a future treatment
target. A high number of studies have investigated its poten-
tial as a biomarker in several B-cell malignancies, though
conflicting results have been presented. To elaborate and
assess the potential of miR-155 as a diagnostic, prognostic,
and predictive biomarker or target of novel treatments in
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B-cell malignancies as a part of personalized medicine, we
systematically reviewed the existing literature.

2. Materials and Methods

This review was prepared according to the Preferred Report-
ing for Systematic Reviews and Meta-Analyses (PRISMA)
Guidelines [21].

2.1. Literature Search. PubMed and EMBASE were system-
atically searched for eligible articles. The search terms used
in both databases are provided in Table SI in Supplementary
Material available online at http://dx.doi.org/10.1155/2016/
9513037. The search was finalized on November 18, 2015.
Additional studies were identified by scanning reference lists
of articles. The screening process was performed by two
reviewers by reading titles and abstracts, while the eligibility
of full-texts was assessed in the same manner.

2.2. Inclusion and Exclusion Criteria. Studies were included
in the analysis if fulfilling the following inclusion criteria: (1)
concerning miR-155 expression as a biomarker or target of
chemotherapeutic treatment, (2) focusing on B-cell malig-
nancies, (3) analyzing patient samples, (4) original research
articles or letters, and (5) results published in English. Articles
were excluded if the present disease was reported in <
independent studies.

2.3. Analysis. Data concerning the specific disease, cohort
size, sample type, study design of miRNA selection, ana-
lytical method, and outcome was extracted manually, and
studies were grouped according to the investigated biomarker
properties of miR-155 (i.e., diagnostic, prognostic, and/or
predictive). Studies exploiting miR-155 as a therapeutic target
were described according to their methods (e.g., in vitro/in
vivo), outcomes, and impact of their findings.

3. Results

The systematic search revealed 606 articles, which were
screened by reading title and abstract. A total of 126 full-
texts were assessed, and 53 of these studies were included
in the review, presented in Figure S1. All included articles
were published in peer-reviewed scientific journals. Forty-
eight of the included articles investigated the expression
of miR-155 as either a diagnostic, prognostic, or predictive
tool in the management of several diseases, though we
excluded studies of specific diseases represented by two or
less papers. Five papers exploited miR-155 as a potential
target in the treatment of B-cell malignancies. As presented
in Table 2, the diagnostic potential of deregulated miR-155
expression has been widely investigated in diffuse large B-cell
lymphoma (DLBCL), Burkitt’s lymphoma (BL), Hodgkin’s
lymphoma (HL), mucosa-associated lymphoid tissue lym-
phoma (MALT), follicular lymphoma (FL), splenic marginal
zone lymphoma (SMZL), and chronic lymphatic leukemia
(CLL). Additionally, the prognostic potential of miR-155 has
been investigated in several studies of DLBCL and CLL,
whereas the predictive potential has not been thoroughly
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TABLE 2: miR-155 as diagnostic biomarker in B-cell malignancies.
Disease Sample type Cohort Initial miRNA selection Method Expression Ref
DLBCL FFPE 90 DLBCL cases Previous research RT-qPCR [32]
31 controls
cs 75 DLBCL cases T Microarray
10 controls .
DLBCL Global screening [46]
47 DLBCL cases v RT-aPCR
FFPE 15 controls 4
20 DLBCL cases T
Blood 20 controls
DLBCL 75 DLBCL cases v Previous research RT-qPCR [37]
77 controls
80 DLBCL cases
DLBCL FFPE 12 controls Global . Mi
80 DLBCL cases obal screening icroarray S [33]
18 FL cases
11 PCNSL cases .
DLBCL FFPE 10 nDLBCL cases Previous research RT-qPCR [47]
35 DLBCL cases
12 controls
prcr S FRPE 35 DLBCL cases Global screening RT-gPCR - [34]
27 FL cases
DLBCL CS, FFPE 18 DLBCL cases Previous research RNA-ISH [48]
5 controls RT-qPCR
cs 29 DLBCL cases T Microarray
12 BL cases Global . (38]
DLBCL obal screening
43 DLBCL cases
A\ RT-qPCR
FFPE 28 BL cases aPC
DLBCL Blood 60 DLBCL cases Previous research RT-qPCR [35]
43 controls
19 DLBCL cases .
DLBCL FFPE 31 exN DLBCL cases Previous research RT-qPCR NS [49]
DLBCL CS 22 DLBCL cases Previous research RT-qPCR [50]
7 controls
DLBCL CS ;2 glljlsa(igscases Global screening Microarray [39]
DLBCL CS 23 DLBCL cases Previous research RT-qPCR [51]
2 controls
45 DLBCL cases
33 BL cases
DLBCL FNAB 45 DLBCL cases Previous research RT-qPCR [40]
19 DLBCL/BL cases
DLBCL FFPE 200 DLBCL cases Previous research RT-qPCR [52]
11 controls
10 DLBCL EBV - cases Global screenin. Sequencing
DLBCL cs 11 DLBCL EBV+ cases i RT-qPCR NS (53]
58 DLBCL cases
7 control
DLBCL  FFPE contros Global screening RT-qPCR (36]
58 DLBCL cases NS
46 FL cases
DLBCL Ocular fluid 17 retige}l DLBCL cases Global screening RT-qPCR 1 [54]
12 uveitis cases
BL CS 6 BL Previous research RT-qPCR 1 [55]

DLBCL (cell line)
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TaBLE 2: Continued.

Disease  Sample type Cohort Initial miRNA selection Method Expression Ref
BL FEPE 3 BL cases Previous research Northern blot | [56]
CS 2 controls
BL CS ILBL cases Previous research RT-qPCR 1 [57]
11 controls
12 BL cases . .
BL CS 135 other L Global screening Microarray ! [38]
42 HL cases . Microarray NS
HL FFPE 3 controls Global screening RT-qPCR NS [58]
HL CS 25 HL cases Previous research RT-qPCR [50]
7 controls
HL CS, FEPE > HL cases Previous research RT-qPCR NS (48]
5 controls
MALT CS 22 MALT cases Previous research RT-qPCR [59]
46 controls
4 MALT cases Microarra
cs 4 controls” ) Y
MALT 14 MALT cases Global screening RT-aPCR [60]
14 controls* 4
3 MALT cases Microarra
cs 3 controls” ) Y
MALT 20 MALT cases Global screening RT-GPCR [61]
20 controls” 4
FL BM 5 FL cases Previous research RT-qPCR NS [62]
3 controls
SMZL  FEPE 15 SMZL cases Global screening RT-qPCR [63]
11 controls
CS fsl ixf:;ﬂcs ases Microarray
SMZL Global screening [64]
77 SMZL cases RT-qPCR
FFPE 6 controls 4
CS 15 SMZL cases lobal . Microarray (65]
SMZL FFPE 9 controls Global screening RT-qPCR
CLL CS 70 CLL cases Previous research RT-qPCR [66]
18 controls
CLL Blood 6 CLL cases Global screening Microarray [67]
3 controls
CLL Blood 7 CLL cases Previous research Northern blot [68]
4 controls
69 CLL cases . Nanostring
CLL Blood 15 controls Global screening RT-qPCR [69]
CLL Blood 113 CLL cases Previous research RT-qPCR [70]
7 controls
50 CLL cases . Microarray
CLL Blood 14 controls Global screening RT-qPCR [71]
CLL Blood 38 CLL cases Global screening Microarray [72]
9 controls
CLL Blood 26 CLL cases Previous research RT-qPCR [73]

7 controls
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TABLE 2: Continued.
Disease Sample type Cohort Initial miRNA selection Method Expression Ref
ZO CI;L clases T RT-qPCR
CLL Blood controts Previous research [74]
23 CLL cases v RT-qPCR

12 controls

Disease: DLBCL, diffuse large B-cell lymphoma; BL, Burkitt’s lymphoma; HL, Hodgkin lymphoma; MALT, mucosa-associated lymphoid tissue; FL, follicular
lymphoma; SMZL, splenic marginal zone lymphoma; CLL, chronic lymphocytic leukemia. Sample type: FFPE, formalin-fixed paraffin-embedded tissue
samples; CS, clinical samples; FNABs, fine needle aspirations. Cohort: controls, nonmalignant tissues; PCNSL, primary CNS lymphoma; nDLBCL, nodal
DLBCL; exN DLBCL, extranodal DLBCL; EBV, Epstein-Barr virus; L, lymphoma; control, adjacent normal tissue, T; training set; V, validation set. Method: RT-
qPCR, reverse transcription quantitative PCR; RNA-ISH, RNA in situ hybridization. Expression: T, increased; |, decreased; NS, not significant. Ref: reference.

studied. Hence, the following report will primarily focus on
DLBCL and CLL, as the biomarker potential of miR-155
has been reported more extensively in these malignancies.
Malignancies represented by few conflicting studies are not
discussed further in the review.

3.1. Diffuse Large B-Cell Lymphoma. DLBCL is a highly
aggressive disease representing a clinically, morphologically,
and genetically heterogeneous group of non-Hodgkin lym-
phomas. Despite the treatment improvements by inclusion
of rituximab, up to 40% of the patients eventually die from
relapsing or refractory disease [30, 31]. In general, detection
of precancerous lesions and early stage cancers is crucial to
reducing the disease mortality. Early detection of DLBCL
may likewise permit treatment of early stages, which can
prevent disease-related deaths. Thus, it is necessary to identify
new diagnostic biomarkers for clinical use. Through the
systematic search, we found 18 studies focusing on the
expression of miR-155 as a diagnostic marker in DLBCL, pre-
sented in Table 2. All studies comparing the expression level
in DLBCL patients to healthy controls found a significant
upregulation of miR-155 in DLBCL. The mean fold-change
values span from 3 to 19 [32-36] and Fang et al. reported
a cutoff value of 0.0022 and a sensitivity and specificity at
83% and 65%, respectively [37]. Distinction between non-
Hodgkin lymphomas, such as DLBCL, FL, and BL, can be
difficult due to great molecular and clinical heterogeneity.
In addition to the need for early detection, new biomarkers
should also improve the accuracy of lymphoma diagnosis
and decisions of therapeutics. Three studies found miR-
155 higher expressed in DLBCL compared to BL patients
illustrating miR-155 as a potential diagnostic biomarker [38-
40]. However, studies comparing DLBCL and FL showed no
significant differential expression [33, 34, 36]. Blood samples
were analyzed in two studies [35, 37] and frozen tumor tissue
and FFPE tissue in the remaining.

Using gene-expression profiling, DLBCL can be divided
into the two molecular subtypes: germinal center B-cell-like
(GCB) and activated B-cell-like (ABC) [41, 42]. The sub-
types present different clinical outcome with GCB patients
having a 5-year survival rate of 60% compared to 35%
for those patients with ABC DLBCL [43]. In order to
simplify and make accessible in a routine clinical setting, the
molecular subtype identification has been implemented in
several centers by the use of immunohistochemical (THC)
analysis resulting in DLBCL subtyping into GCB/non-GCB

or GCB/ABC [42, 44, 45]. In this systematic review, we
identified 15 articles evaluating the prognostic impact of miR-
155, of which 13 studied the correlation between miR-155 and
the molecular subtypes (Table 3). miR-155 was upregulated in
the ABC subtype in nine studies while the remaining three
did not find significant differential expression between the
subgroups. Since patients classified as ABC exhibit an adverse
prognosis, miR-155 holds the potential as prognostic marker.
Conflicting results were found in studies investigating
the association of miR-155 expression and clinical outcome.
Zhong et al. stratified patients according to high or low
expression of miR-155 with a cutoff value at 3.98 and sen-
sitivity and specificity value at 80% and 58.5%, respectively
[32]. High miR-155 expression was significantly associated
with adverse prognosis, which was also reported by Igbal et
al. using similar expression level stratification [39]. Zhong
et al. further demonstrated that miR-155 and the interna-
tional prognostic index (IPI) were statistically significant
independent prognostic factors [32]. Contradictorily, other
studies found that miR-155 expression did not correlate with
DLBCL outcome [36, 49, 75]. Surprisingly, Jung and Aguiar
observed that high expression of miR-155 was associated with
improved prognosis exclusively within the ABC subgroup
[75]. Zhong et al. showed predictive potential of miR-
155, where patients treated with CHOP (cyclophosphamide,
doxorubicin, vincristine, and prednisone) were compared to
a cohort of R-CHOP (addition of rituximab) treated patients
[32]. Interestingly, high expression of miR-155 improved
clinical outcome in patients treated with R-CHOP compared
to CHOP. This difference was not seen in patients with low
miR-155 expression, suggesting that miR-155 has the potential
to guide treatment with rituximab [32]. Additionally, Igbal et
al. reported that high miR-155 expression significantly corre-
lated with R-CHOP treatment failure, suggesting a potential
role as predictive biomarker [39]. This finding was supported
by in vitro studies showing that high miR-155 expression
sensitizes cells to synthetic Akt inhibitors, suggesting a novel
treatment option for resistant DLBCL patients [39].

3.2. Chronic Lymphocytic Leukemia. CLL is characterized by
clonal proliferation of mature B-cells accumulating in the
peripheral blood, bone marrow, lymph nodes, and spleen
[76]. Despite its prevalence, no cure exists and patients are
treated with various chemotherapeutic drugs at the presence
of progressive or symptomatic disease [76]. Several studies
investigated the expression level of miR-155 in samples from
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TABLE 3: miR-155 as prognostic biomarker in diffuse large B-cell lymphoma (DLBCL), its expression in relation to GCB or nGCB/ABC

subtyping, and direct relation to prognosis.

Cohort Molecular Sample type Initial miR Method Outeome lecul Ref
subtype selection Prognosis ~ Measure Molecular
subtype
90 DLBCL 21 GCB .
(51/39) 69 nGCB FFPE Previous research  RT-qPCR poor RA, OR nGCB [32]
20 GCB .
34 nGCB FFPE Global screening ~ RT-qPCR nGCB [46]
32 GCB . .
28 nGCB FFPE Global screening ~ Microarray nGCB [33]
9 GCB .
12 nGCB FFPE Previous research  RT-qPCR NS [47]
85 GCB . .
34 ABC CS Previous research ~ Microarray ABC [89]
17 GCB .
18 ABC CS, FFPE Global screening ~ RT-qPCR ABC [34]
11 GCB . ISH
7 ABC CS, FFPE Previous research RT-gPCR ABC [48]
9 GCB . ISH
9nGCB FFPE Previous research Microarray NS [90]
8 GCB .
15 nGCB CS Previous research  RT-qPCR NS [50]
54 DLBCL 32 GCB . .
Q7127) 27 ABC CS Global screening ~ Microarray poor EES ABC [39]
4 GCB .
19 ABC CS Previous research  RT-qPCR ABC [51]
129 DLBCL CS Previous research NS PES, OS [75]
24 ABC improved PFS, OS
53 DLBCL 25GCB FFPE Previous research  RT-qPCR NS EES, OS nGCB [36]
25 nGCB 4 ’
14 GCB .
36 nGCB FFPE Previous research  RT-qPCR NS [49]
200 DLBCL .
(121/79) FFPE Previous research NS PES, OS [52]

(/) in column 1: number of patients with high and low miR-155 expression; numbers in column 2 indicate how many DLBCL patients included for miR-155
expression evaluation in each molecular subtype; subtype: GCB, germinal center B-cell-like; nGCB, non-GCB; ABC, activated B-cell-like. Sample type: FFPE,
formalin-fixed paraffin-embedded tissue samples; CS, clinical samples. Method: RT-qPCR, reverse transcription quantitative PCR; ISH, in situ hybridization.
Prognosis: 7T, increased expression; |, decreased expression; NS, not signiﬁcant. Outcome measure: RA, response assessment; OR, overall response; EFS, event-
free survival; PFS, progression-free survival; OS, overall survival. Ref: reference.

CLL patients as compared to healthy controls, Table 2.
Interestingly, none of these studies aimed at establishing new
diagnostic tools but focused on elaborating the molecular
pathogenesis of the disease or use preliminary diagnostic
signatures of deregulated miRNAs to single out potential
prognostic biomarkers. In all studies and irrespective of
the analytical technique, miR-155 was upregulated in CLL
compared to healthy controls. A few studies reported a mean
fold-change of miR-155 expression in the range of 2-5, while
individual samples showed great varying fold-changes [67,
69-71].

The prognostic potential of miR-155 expression in CLL
was studied more extensively and showed varying results, as
presented in Table 3. Particularly, favorable factors showed
conflicting associations with miR-155 expression. CLL is

usually described by many different prognostic factors,
such as clinical staging systems (Rai and Binet), somatic
hypermutation of the immunoglobulin heavy chain variable
region (IgHV), surface CD38 expression, expression of zeta-
associated protein 70 (ZAP-70), or chromosomal abnormal-
ities (17p, 13q, 11q, and trisomy 12) [76]. Relating miR-155
expression to the individual prognostic factors revealed no
correlation. However, studies often focused on different prog-
nostic factors, making concise comparisons and conclusions
impossible. In patients with 17p deletion, the expression of
miR-155 was either upregulated or nonsignificantly differen-
tiated between groups [77, 78]. miR-155 was overexpressed in
both studies investigating 11q deletions, though patients with
trisomy 12 had either downregulated or unaffected expression
[66,77]. ZAP-70 expression was related to the upregulation of
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miR-155 in two studies, while there was no association in four
other studies [72-74, 79-81]. miR-155 was either downregu-
lated or unaffected in patients with IgHV mutations [68, 71—
74, 79-81], while 13q deletions were associated with high,
low, and unaffected expression levels [66, 71, 77, 82]. Thus,
the studies generally showed no specific correlation between
miR-155 expression and favorable (13q deletion and IgHV
mutation) or unfavorable (17p, 11q deletion, trisomy 12 and
ZAP-70 expression) prognostic factors.

When the elevated expression of miR-155 was directly
correlated with survival data, high expression was not consis-
tently associated with poor prognosis. However, studies used
different outcome measures, complicating the assessment of
the prognostic potential of miR-155. Furthermore, studies
failed to report specific treatment regimens and treatment
homogeneity of their cohorts. Ferrajoli et al. investigated
the survival of CLL patients stratified according to high
or low plasma miR-155 expression in two different cohorts
[74]. One cohort received treatment with the FCR regimen
(fludarabine, cyclophosphamide, and rituximab), while the
other cohort received single agent treatment with lenalido-
mide. High miR-155 expression was in both cohorts asso-
ciated with poor treatment outcome estimated by clinical
response assessment (RA) [74]. According to Lawrie et
al. patients relapsing after treatment with fludarabine and
rituximab either with or without alemtuzumab showed poor
progression-free survival (PFS) when stratified according to
high miR-155 expression [66]. It was further shown that
monitoring miR-155 expression after treatment with ibrutinib
could be an indicator of treatment failure. The expression
of miR-155 decreased upon treatment, and patients whose
expression rose above baseline during follow-up were prone
to experience disease relapse [66].

Predictive biomarker potential of miR-155 has not been
directly investigated, yet detection of 17p deletions by miR-155
as a surrogate marker could guide treatment decisions. Today,
patients with 17p deletions are treated more aggressively
due to poor prognostic results of front-line treatment with
FCR [83]. As mentioned above, high miR-155 expression was
associated with treatment failure in FCR and lenalidomide
treated patients, suggesting potential use of miR-155 as a
predictive biomarker [74].

3.3. Mucosa-Associated Lymphoid Tissue (MALT). Extran-
odal marginal zone lymphomas (MALT lymphomas) are rare,
low-grade B-cell lymphomas of mucosa-associated lymphoid
tissue. Expression of miR-155 in MALT was found elevated
in three out of three eligible studies [59-61]. Thorns et al.
reported a stepwise increase in miR-155 expression from
benign to malignant lymphoepithelial lesions [59]. Gastric
MALT can be associated with chronic inflammation triggered
by infection with Helicobacter pylori (H. pylori). Antibiotic
treatment leads to complete remission in 60-80% of the
patients; however improved identification of nonresponsive
patients is needed to guide treatment [84]. The study by Saito
et al. observed that resistant patients had a higher miR-155
level than cases showing complete remission, suggesting the
potential of miR-155 as a predictive indicator [61].

3.4. Splenic Marginal Zone Lymphoma (SMZL). SMZL is a
rare form of small B-cell malignancy infiltrating the spleen,
bone marrow, and peripheral blood. Three studies reported
increased expression of miR-155 in diseased samples com-
pared to controls [63-65]. Peveling-Oberhag et al. found
a fold-change of miR-155 of 2.8 [63]. Additionally, Arribas
et al. showed significantly increased miR-155 expression in
SMZL spleen samples compared to nonmalignant samples
from reactive spleens [64]. In contrast, the expression of miR-
155 was downregulated in SMZL samples compared to spleens
infiltrated by FL, CLL, and mantle cell lymphoma, though this
change was not significant [64].

3.5. miR-155 as a Therapeutic Target. Due to the oncogenic
function of miR-155 in especially B-cell malignancies, miR-
155 holds potential as a target for future therapeutic interven-
tions, exploited by five studies, Figure 1. Chemically modified
synthetic oligonucleotides are efficient inhibitors of miRNAs
in vitro and in vivo, improving systemic stability and binding
affinity of the anti-miRNA [85, 86]. They bind the miRNA
structure by complementary hybridization, preventing the
miRNA from binding to its target mRNA. Usually, syn-
thetic oligonucleotides such as PNA (peptide nucleic acid)
and LNA (locked nucleic acid) are used. These RNA/DNA
analogues are constructed by changing the nucleic acid
backbone structures, and studies have proven their efficient
inhibition of miR-155 in vitro in murine B-cells and patient-
derived CLL and Waldenstrom cell lines [85, 86]. Anti-miR-
155 exposure resulted in decreased cell proliferation and
survival of the CLL and Waldenstrom cells [85]. Evaluation
of the systemic stability and efficacy was investigated in
wild type mice and Waldenstrom xenografts [85, 86]. miR-
155 expression was completely inhibited in the spleen upon
injection of PNA anti-miR-155 in wild type mice [86]. Zhang
et al. examined the distribution and intracellular uptake
of fluorescence marked LNA anti-miR-155 in hematopoi-
etic organs in wild type mice and Waldenstrom xenografts
[85]. The anti-miR-155 was successfully delivered to cells in
these specific organs. Additionally, anti-miR-155 intravenous
administration resulted in decreased tumor burden in the
Waldenstrom xenografts [85].

Drawbacks of systemic delivery are related to biological
stability in the organism and intracellular uptake of the
anti-miR. Babar et al. exploited the use of a nanoparticle-
based delivery system of anti-miR-155 in a transgenic mouse
model overexpressing miR-155 [20]. The nanoparticle encap-
sulated the anti-miR-155 structure to aid its stability and
delivery. Additionally, coating of the nanoparticle with cell-
penetrating peptides improved the intracellular uptake of
anti-miR-155 in vivo [20].

In order to use anti-miR-155 as therapeutics, challenges
regarding nonspecific organ distribution have to be over-
come. miR-155 is constitutively expressed in several tissues
and has a crucial role in the function of the immune system
[16, 17]. Thus, tumor specific distribution is warranted to
avoid disruption of normal immunologic function, causing
critical side effects. Cheng et al. showed a novel model
for tumor specific distribution, utilizing tumor environment
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Successful miR-155 inhibition

Anti-miR-155
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(85] Increased rituximab sensitivity in EBV+

s

“85]

LNA anti-miR-155

Wild type mice and WM xenografts

Successful distribution to hematopoietic organs
Reduced tumor burden

[87]

[20]

Nanoparticle encapsulated PNA anti-miR-155

Reduced tumor growth

Transgenic mice overexpressing miR-155, DLBCL phenotype

Conjugate of PNA anti-miR-155 and pH dependent peptide
Transgenic mice overexpressing miR-155, DLBCL phenotype

Targeting acidic tumor environment
Reduced tumor burden, improving survival

FIGURE 1: Studies (n = 5) exploiting miR-155 as a therapeutic target using anti-miR-155 structures. PNA, peptide nucleic acid; LNA, locked
nucleic acid; CLL, chronic lymphocytic leukemia; WM, Waldenstrom macroglobulinemia; DLBCL, diffuse large B-cell lymphoma; EBV+,

Epstein-Barr virus positive; EBV—, Epstein-Barr virus negative.

acidity, a hallmark of cancer [87]. They developed a conjugate
of the anti-miR-155 structure and a pH-induced transmem-
brane structure peptide. The peptide has the ability to localize
the acidic tumor microenvironment and at low pH, the
peptide forms an inducible transmembrane helix promoting
translocation of impermeable molecules across the cell mem-
brane. Hereby the anti-miR-155 is efficiently delivered into
the tumor cells causing reduced cell viability. Using the same
miR-155 overexpressing transgene mice as Babar et al., the
mice spontaneously developed lymphoma progressing from
follicular hyperplasia to DLBCL. Administration of the anti-
miR-155 conjugate at the time of tumor manifestation resulted
in reduced tumor volume, suppressed metastatic spread of
neoplastic cells, and improved survival compared to controls.
High-dose administration to healthy mice showed absence
of systemic toxicity, including maintenance of normal liver
and kidney function [87]. Thus, this study introduces a novel
model for using anti-miR as anticancer drug, having great
impact on both targeted drug delivery and personalized
medicine, since individual miR-155 expression levels are
easily measured.

As mentioned, resistance to therapy is observed in 40%
of patients with DLBCL and consequently, novel treatment
options for resistant patients are needed [31]. Igbal et al.
reported treatment failure of R-CHOP in patients with
high miR-155 expression and suggested Akt inhibitors as
alternative therapeutics, since miR-155 activates this specific
pathway [39]. The effect of Akt inhibitors was investigated
in Epstein-Barr virus positive (EBV+) cell lines by Kim et

al. [88]. Initially they found EBV+ cell lines to be resistant
toward rituximab, having a phosphorylated Akt pathway,
and simultaneous overexpression of miR-155. Akt inhibitors
restored the sensitivity toward rituximab, and anti-miR-
155 significantly reduced the cell survival upon rituximab
exposure [88]. Thus, both Akt inhibitors and anti-miR-155
hold potential as add-on drugs to increase the response of
DLBCL patients treated with R-CHOP.

3.6. Targets of miR-155. To understand how miR-155 act
and identify the underlying molecular mechanisms driving
tumorigenesis, many studies have investigated the target
genes, of which some are listed in Table 1. Identification of
targets and the involved pathways is important since it puts
the biomarker into molecular perspective and additionally is
crucial to understanding of the underlying molecular effects
of using anti-miR-155 as an antineoplastic drug.

miR-155 was reported to target SHIPI and C/EBPf3, which
are two important inhibitors of the IL-6 signaling pathway.
Downregulation of these genes blocks B-cell differentiation
and causes an improved cell survival due to activation
of PI3K/Akt and MAPK pathway [22, 23]. Additionally,
by targeting HGAL, a lymphocyte motility inhibitor, miR-
155 promotes cell migration, which could contribute to a
more aggressive disease [26]. Overexpression of miR-155 also
leads to downregulation of SMADS5, a modulator of TGEF-
B signaling. miR-155 overexpression renders DLBCL cells
resistant to growth inhibitory effects of TGF-f3 and BMP via
defective p21 induction and impaired cell cycle arrest [27].
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TABLE 4: miR-155 as prognostic biomarker in CLL, its expression in relation to established prognostic factors, and direct relation to prognosis.

Cohort Initial miR Outcome®
CLL Sample type selection Method Unfavorable Favorable Prognosis Measure Ref
factors factors
Previous
70 cs e RT-qPCR [66]
109 (56/53) cs Previous ) ! T poor ;)FSS
h nCounter [79]
9 (4/5) Blood researd poor Relapse
8 (4/4) Blood Previous Northern blot NS [68]
research
43 (18/25) Blood Previous RT-qPCR NS NS [70]
research
70 T Global Microarray
Blood .
24 % screening  RT-qPCR (o1
FFPE Previous
70 (33/37) Blood research RT-qPCR NS NS [80]
50 Blood GlObal. Microarray NS NS [71]
Screenlng
RA
143 Previous NS NS poor
Blood research RT-qPCR [N [74]
85 (31/45) poor RA
86 (55/31) T Blood Previous RT-qPCR T l T poor TES a1
181 (95/86) V research Microarray T l T poor TFS (81]
94 T cs Global' Microarray poor TIT (92]
50 A% screening
61 T Global Microarray T l
29 v s screening RT-qPCR 1 1 [77]
Previous (0N
104 (64/40) Blood e RT-qPCR NS PES 78]
56 Blood Previous  pp. R NS NS (73]
research
28 Blood Global Microarray NS NS NS TIT [72]
screening

Cohort: T, training set; V, validation set. Sample type: CS, clinical sample; FFPE, formalin-fixed paraffin-embedded tissue samples. Method: RT-qPCR, reverse
transcription quantitative PCR. Outcome: *unfavorable factors: 17p deletion, 11q deletion, trisomy 12, CD38" cells, ZAP-70 expression > 20%, and/or advanced
disease stage determined by either Rai or Binet. Favorable factors: normal karyotype, IgHV mutations, and/or 13q deletion [76]; T, increased expression; |,
decreased expression; NS, not significant. Outcome measure: OS, overall survival; PFS, progression-free survival; RA, response assessment; TFS, treatment-free

survival; T1, time to initial treatment. Ref: reference.

The two death domain containing genes FADD and RipklI are
also identified as target genes of miR-155. It is thus reasonable
to assume that miR-155 targeting of these transcripts could
lead to antiapoptotic effects [28].

4. Discussion

This review identified a total of 53 studies addressing the
potential of miR-155 as putative biomarker or as a therapeutic
target in B-cell malignancies. The results, presented in Tables
2, 3, and 4, display that miR-155 expression may function as
a valuable tool in both diagnosis and prognostic evaluation
of DLBCL patients and having prognostic impact in CLL as
the results showed consistency across multiple studies. Few

studies reported diagnostic potential of miR-155 expression
in MALT, SMZL, FL, and HL. However, based on the
limited number of studies and samples included in those,
the significance needs reconfirmation in independent studies
using larger cohorts.

The results of miR-155 as diagnostic marker of DLBCL
were very consistent and independent of sample type, cohort
size, and methodology. High expression of miR-155 enables
stratification of DLBCL patients from healthy controls and
BL patients, supporting its potential as a diagnostic tool. In
contrast, lack of accuracy in differentiating DLBCL from FL
patients was observed. This systematic review also presents
evidence that miR-155 expression is associated with DLBCL
molecular subtypes, even though some studies did not find
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a significant differential expression [47, 49, 50, 90]. Cohort
sizes varied considerably across studies and generally the
larger the cohort, the more valid the result. Studies reporting
nonsignificant results stand out with small cohorts exempli-
fied by Fischer et al. having 21 patients included compared to
the cohort of 90 in the study by Zhong et al. [32, 47]. Another
important matter that makes the studies less comparable
is the fact that the subtype classification of the DLBCL
patients into GCB and non-GCB/ABC is performed by IHC
analysis using different staining strategies and interpretation
algorithms. Additionally, IHC is difficult to standardize due
to variation between laboratories, such as sample handling,
antibodies utilized, and observers.

The most surprising observation was made by Jung
and Aguiar, finding miR-155 overexpression association with
improved outcome in ABC DLBCL [75]. The reason for
this association is not immediately clear; however, they
suggest that action of target genes contributes to the findings.
Noteworthily, only 24 ABC patients are stratified into low or
high miR-155 expression illustrating the need to expand and
validate the data in order to trust the information [75].

miR-155 was significantly upregulated in all studies com-
paring CLL cases to healthy controls, indicating diagnos-
tic potential. However, CLL is easily diagnosed in clinical
cases from blood analysis, arguing against the need of a
novel diagnostic biomarker for this disease [83]. miR-155 as
prognostic marker in CLL is not unambitious. However, an
association of miR-155 expression and favorable prognostic
factors differed greatly between studies. This could be due to
the individual different factors investigated such as specific
deletions and mutations. Noteworthily, studies failed to
report the specific treatment regimens giving potential bias
because the prognosis is dependent on the effectiveness of the
treatment. In addition, if patients did not receive the same
treatment, the studies are less comparable. In general, high
miR-155 expression was often associated with more aggressive
disease and poor prognosis, though not significant across all
studies. Ultimately, miR-155 expression was not consistently
sufficient in stratifying CLL patients according to individual
prognostic factors. In contrast, elevated miR-155 expression
as an independent factor was associated with poor clinical
outcome across studies, suggesting its potential as a direct
prognostic biomarker in CLL.

Considering the fact that miR-155 is an oncomiR [11],
the findings of high expression in the poor prognostic
ABC subtype and the adverse prognostic impact of miR-
155 expression on survival in DLBCL are consistent and in
accordance with the observed association of high expression
and more aggressive disease in CLL.

When analyzing the findings, it is also important to
consider differences in methodology. Initial global microar-
ray screenings were performed in several studies; however,
they were not based on the same microarray models giv-
ing variations in the miRNA covering probes. The other
widely used method is RT-qPCR which is based on another
technique and relies on probes other than those used in
microarray detection. The fold-change and accuracy of the
studies therefore cannot be directly compared across studies
but concordance of upregulated miR-155 and pure outcome
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independent of platform supports the robustness of the
association. In several studies, a training cohort is utilized
to identify miR-155 as potential diagnostic or prognostic tool
and subsequently a validation cohort is analyzed to test and
validate the result, increasing the significance of the findings.
Others exploit the same cohort but validate the result using
a different detection technique. Both approaches strengthen
the observations and make the findings more valid.

Different sample types have potential to cause conflicting
results. Studies regarding diagnostic evaluation of miR-155
in DLBCL analyze blood samples, formalin-fixed/paraffin-
embedded tissues, and frozen tissues; however, no inconsis-
tency is observed, indicating stable expression and robust
detection of miR-155 despite sample types, preparation, and
storage. Each sample type has different advantages. FFPE
tissue samples are the most abundant available archival
material and miRNA can successfully be isolated from
processed formalin-fixed material, due to miRNAs relative
resistance toward RNase degradation. Using RT-qPCR and
microarray analysis, similar results of miRNA expression are
found in FFPE and frozen material [93]. Lawrie et al. and
Fang et al. studied miR-155 expression in blood samples to
investigate the potential as noninvasive biomarker [35, 37].
Search for noninvasive biomarkers for diagnosis, prognosis,
and monitoring of cancers has long been the goal of clinical
research.

A guideline for Strengthening the Reporting of Obser-
vational studies in Epidemiology-Molecular Epidemiology
(STROBE-ME) has been proposed, though several studies
included in this review failed to report their investiga-
tions thoroughly (e.g., sample types, storage, and handling).
Additionally, the studies included in this review differed in
their aims, outcomes measures, and methods, complicat-
ing the general comparison of the studies and rendering
a statistical meta-analysis impossible. The validity of this
systematic review is improved by the fact that PRISMA
guidelines are met and that the search strategy encompassed
MESH/ENTRY terms and free text words.

Introducing new potential biomarkers into the clinic
holds great difficulties and challenges. Therefore, the Early
Detection Research Network (EDRN) has suggested a sys-
tematic approach guiding the process of biomarker devel-
opment similar to the clinical stages of drug development
[94]. Phase 1 includes preclinical investigations, where tumor
tissue is compared to healthy controls in order to iden-
tify differential characteristics. A clinical biomarker assay
is developed and tested in phase 2, including evaluation
of the biomarkers ability to distinguish subjects with can-
cer from those without cancer. Phase 3 is a retrospective
investigation of the biomarkers ability to detect presence of
disease before it is clinically diagnosed, whereas phase 4
evaluates biomarker properties in a prospective follow-up
study. Finally, phase 5 evaluates whether the biomarker and
early diagnosis improved the overall benefit for the screened
population. Although the guideline focuses on developing
diagnostic biomarkers, the structure is potentially valuable
for prognostic and predictive biomarkers as well. All included
diagnostic studies of CLL were consistent with phase 1
investigations, though as mentioned before a new diagnostic
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biomarker of CLL would hold limited clinical use. In addi-
tion, prognostic investigations of miR-155 in CLL could be
described as phase 1 investigations, where a biomarker assay
and assessment are still missing. Studies reporting miR-155
as potential diagnostic biomarker of DLBCL are all on the
early phases of diagnostic biomarker development as well,
which is why clinical implementation will require further
studies at higher developmental phases. Only Fang et al.
reported evaluation of miR-155’ ability to distinguish DLBCL
patients from healthy controls [37]. Thus, miR-155 cannot be
considered as a diagnostic biomarker in clinical use at short
term.

In order to implement the concept of personalized
medicine, new molecular biomarkers need to be established
to improve early diagnosis, patient stratification according
to high-risk patients, and predictions of treatment response.
According to the present assessment, miR-155 could hold
potential as a novel diagnostic biomarker in several B-cell
malignancies, including DLBCL and CLL. However, miR-155
still needs to move through the remaining biomarker devel-
opmental steps and evaluations before its potential use can be
fully exploited. However, one important disadvantage of miR-
155 as a diagnostic biomarker is that it is overexpressed not
only in one specific malignancy but also in several, complicat-
ing diagnostic discriminations of the different malignancies.
Noteworthily, an important advantage is the validated target
genes of miR-155, which puts the biomarker into perspectives
of molecular pathways.

Elevated miR-155 expression was generally associated
with poor survival in both CLL and DLBCL, showing
independent prognostic impact, though as a marker for the
present prognostic tools (e.g., chromosomal subtyping and
ABC/GCB) it did not add further information. In general,
prognostic biomarkers only hold beneficial information,
if nonresponsive patients can be treated differently. The
biomarker then moves from prognostic to predictive, where
it can be used to guide treatment choices. No thorough
investigations have been reported of miR-155 as a predictive
biomarker, though its prognostic observations could imply
the need for new treatment options for patients with a
high expression level. Akt inhibitors (currently in clinical
trials [95]) have been suggested as efficient therapeutics
for the treatment of patients with high miR-155 expression,
since miR-155 activates this pathway. Logically, other novel
treatments could evidently be anti-miRNAs suppressing the
miR-155 expression and its oncogenic function. Their effect
has been proved both in vitro and in vivo, and a targeted
distribution model strengthens the potential as a novel
therapeutic. At the present time, new clinical phase I trial of
cutaneous T cell lymphoma (CTCL) investigates the safety
and tolerability of anti-miR-155 (MRG-106) [96]. Presumably,
this treatment might show interesting potential in DLBCL
and CLL patients as well. Noteworthily, miravirsen, anti-
miR-122, was the first microRNA targeted drug ever to reach
clinical trials in 2009, for the management of hepatitis C viral
infection [97]. Interestingly, miR-122 was later shown to be
overexpressed in CTCL, suggesting that inhibition of miR-122
might also be a promising strategy in improving treatment
outcome in these patients [98].
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5. Conclusion

In summary, the expression of miR-155 shows potential
as a diagnostic and prognostic biomarker, though further
studies are warranted to assess its use in treatment prediction.
Interestingly elevated expression was generally associated
with poor treatment response, which is why it has been
investigated and evidenced as an efficient therapeutic target.
These properties prove that miR-155 has the potential to be
a molecular tool in personalized medicine, bringing us one
step closer to improvements of diagnosis and treatment.
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Supplementary

Table S1. Search strategy in PubMed and EMBASE

Database

PubMed

EMBASE

Search Terms

#1: "Lymphoma"[Mesh]

#2: lymphoma*

#3: "b-lymphocytes"[MeSH Terms] OR "b-
lymphocytes" OR "B-cell"

#4: "Lymphoma, B-Cell"[Mesh]

#5: burkitt[tw]

#6: #1 OR #2 OR #3 OR #4 OR #5

#7: rno-miR-155 OR rno miR 155 OR rno-miR
155 5p OR rno-miR-155-5p

#8: mmu-mir-155 OR mmu mir 155 OR Mir155
#9: miR 155 OR miRNA 155 OR hsa mir 155
OR microRNA 155

#10: miR-155 OR miRNA 155 OR hsa-mir-155
OR microRNA-155

#11: "MIRN155 microRNA,
human"[Supplementary Concept] OR "MIRN155
microRNA, rat"[Supplementary Concept] OR
"Mirn155 microRNA, mouse"[Supplementary
Concept]

#12: #7 OR #8 OR #9 OR #10 OR #11

#13: #6 OR #12

No filters

#1: microRNA 155/

#2: (rno-miR-155 or rno miR 155 or rno-miR
155 5p or rno-miR-155-5p or mmu-mir-155 or
mmu mir 155 or Mirl55 or miR 155 or miRNA
155 or hsa mir 155 or microRNA 155 or miR-
155 or miRNA 155 or hsa-mir-155 or
microRNA-155).mp.

#3: #1 or #2

#4: exp B lymphocyte/

#5: B-cell lymphoma/

#6: (b-lymphocytes or B-cell).mp.

#7: exp lymphoma/

#8: lymphoma*.mp.

#9: or/#4-8

#10: #3 and #9

No filters
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Figure S1. Flow diagram of study selection
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MicroRNA-155 controls vincristine sensitivity and predicts superior
clinical outcome in diffuse large B-cell lymphoma

Hanne Due,' Anna Amanda Schonherz,'? Laura Rye,"® Maria Nascimento Primo,? Ditte Starberg Jespersen,' Emil Aagaard Thomsen,®
Anne Stidholt Roug," Min Xiao,* Xiachong Tan,* Yuyang Pang,* Ken H. Young,* Martin Begsted,'®® Jacob Giehm Mikkelsen,® and
Karen Dybkaer'°®

"Department of Hematology, Aalborg University Hospital, Aalborg, Denmark; >Center for Quantitative Genetics and Genomics, Department of Molecular Biology and Genetics,

and ®Department of Biomedicine, Aarhus University, Aarhus, Denmark; “The University of Texas MD Anderson Cancer Center, Houston, TX; ®Clinical Cancer Research Center,
Aalborg University Hospital, Aalborg, Denmark; and ®Department of Clinical Medicine, Aalborg University, Aalborg, Denmark.

m A major clinical challenge of diffuse large B-cell lymphoma (DLBCL) is that up to 40% of
patients have refractory disease or relapse after initial response to therapy as a result of
*Induced miR-155
expression promotes
vincristine sensitivity in
DLBCL cell lines.

drug-specific molecular resistance. The purpose of the present study was to investigate
microRNA (miRNA) involvement in vincristine resistance in DLBCL, which was pursued by
functional in vitro analysis in DLBCL cell lines and by outcome analysis of patients with
DLBCL treated with rituximab, cyclophosphamide, doxorubicin, vincristine, and predni-

*High miR-155 expres- sone (R-CHOP). Differential miRNA expression analysis identified miR-155 as highly
sion is associated with

superior clinical out-
come in patients with
DLBCL of the GCB
subclass.

expressed in vincristine-sensitive DLBCL cell lines compared with resistant ones. Ectopic
upregulation of miR-155 sensitized germinal-center B-cell-like (GCB)~-DLBCL cell lines to
vincristine, and consistently, reduction and knockout of miR-155 induced vincristine
resistance, documenting that miR-155 functionally induces vincristine sensitivity. Target
gene analysis identified miR-155 as inversely correlated with Wee1, supporting Wee1l

as a target of miR-155 in DLBCL. Chemical inhibition of Wee1 sensitized GCB cells to
vincristine, suggesting that miR-155 controls vincristine response through Weel.
Outcome analysis in clinical cohorts of DLBCL revealed that high miR-155 expression
level was significantly associated with superior survival for R-CHOP-treated patients of
the GCB subclass, independent of international prognostic index, challenging the commonly
accepted perception of miR-155 as an oncomiR. However, miR-155 did not provide
prognostic information when analyzing the entire DLBCL cohort or activated B-cell-like
classified patients. In conclusion, we experimentally confirmed a direct link between

high miR-155 expression and vincristine sensitivity in DLBCL and documented an
improved clinical outcome of GCB-classified patients with high miR-155 expression level.

Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most frequent type of non-Hodgkin's lymphoma, characterized
by great heterogeneity regarding clinical presentation, tumor biology, and prognosis.’ Gene expression
profiling (GEP) defines cell-of-origin subtypes reflecting normal B-cell differentiation stages and permits
classification of DLBCL into activated B-cell-like (ABC) and germinal-center B-cell-like (GCB), which
differ in pathogenic activation mechanisms, genetic aberrations, and clinical outcome.?2 Although this
classification has expanded our biological understanding of DLBCL, molecular mechanisms related
to treatment response and resistance are still not fully understood.
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The addition of rituximab (R) to the multiagent chemotherapy
regimen cyclophosphamide, doxorubicin, vincristine, and predniso-
lone (CHOP) has increased DLBCL survival substantially; however,
30% to 40% of patients ultimately die of relapse or refractory
disease because of treatment resistance.*® As a consequence,
novel treatments and predictive biomarkers are urgently war-
ranted, and equally important, improved biological understanding
is required for mechanisms leading to resistance. Several clinical
trials have aimed at improving the R-CHOP regimen by dose
adjustments, cycles, or add-on drugs, but with limited benefit,
empbhasizing that increased knowledge of R-CHOP resistance is
still highly relevant.”® The antimitotic drug vincristine has been used
as anticancer therapy for more than 40 years and is a cornerstone for
efficacy of R-CHOP because of its broad cytotoxic effect, limited
bone marrow suppression, and high tolerability.'®"" Despite wide
use of vincristine, little is known about determinants of vincristine
resistance in treatment of DLBCL, a caveat when attempting to
improve clinical outcome.

Recent studies demonstrate that noncoding RNAs, and in particular
microRNAs (miRNAs), play important roles in the pathogenesis of
DLBCL.">"* miRNAs regulate gene expression by targeting mRNA
for translational repression or degradation and are involved in cardinal
physiologic and pathologic processes.'® Aberrant miRNA expres-
sion is a common feature of malignancies and has been linked
to chemotherapy resistance.'®'® One of the most extensively
studied miRNAs in normal B-cell differentiation and hematolog-
ical cancers is miR-155,'%2° which acts as an oncomiR in the
pathogenesis and aggressiveness of DLBCL.2! In line, miR-155
levels in patients with ABC are significantly higher compared with
those detected in patients classified as having GCB,'® and transgenic
mice overexpressing miR-155 spontaneously develop DLBCL,??
emphasizing its importance in lymphomagenesis.

Early detection of drug-specific resistance is of pivotal importance
to successful cancer therapy, and defining miRNA involvement
could provide information on resistance mechanisms of the drug
and make miRNAs themselves biomarkers and treatment targets.
Because vincristine is a cornerstone in the treatment of DLBCL,
we studied the involvement of miRNAs in the response to this
antimitotic drug. To pinpoint miRNAs controlling vincristine response,
13 DLBCL cell lines were subjected to systematic dose-response
experiments and grouped as resistant, intermediate, or sensitive.?®
Global miRNA expression profiling of these cell lines in untreated
condition was performed and miRNAs differentially expressed
between vincristine sensitive and resistant cell lines were identified,
showing miR-155 to be highly expressed in vincristine-sensitive cells.
Hence, experimental manipulations of miR-155 expression using
lentiviral gene delivery in DLBCL cells were performed to determine the
functional effect of miR-155 in vincristine response, and subsequently
a prognostic value of miR-155 was documented in 2 independent
R-CHOP-treated DLBCL cohorts.

Materials and methods
Cell lines

DLBCL cell lines (supplemental Table 1) were cultured at 37°C in
a humidified atmosphere of 95% air and 5% CO, with RPMI1640
medium, 10% fetal bovine serum, and 1% penicillin/streptomycin.
HEK293T cells were maintained in Dulbecco’s modified Eagle medium
containing 5% fetal bovine serum and 1% penicillin/streptomycin.
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All cell lines were authenticated by DNA barcoding®® and examined
for mycoplasma infection.

Clinical samples

Diagnostic biopsies from 73 patients with DLBCL (supplemental
Table 2) were collected in agreement with the RetroGen research
protocol and reviewed and approved by the health ethic committee of
the North Denmark Region (approval jr. no. N-20140099), allowing
exemption from the Declaration of Helsinki requirement of informed
consent according to sections 3 to 5 in the Danish Act on Research
Ethics Review of Health Research Projects. Informed consent was
waived, as this notifiable database research project did not involve
any health risks and, under the given conditions, could not otherwise
put a strain on the trial subject. In addition, it would be impossible or
disproportionately difficult to obtain informed consent or proxy consent,
respectively, because of the use of archival samples and because
several patients have died since collection. Of the 73 patients with
DLBCL, 69 were treated with standard R-CHOP. In addition, we used
Gene Expression Omnibus data (GSE1 08462* and GSE31312°).

Dose-response assays

Vincristine dose-response screens were performed on DLBCL cell
lines, as previously described.?®?® Each cell line was subjected to 18
increasing concentrations for 48 hours, and dose-responses were
evaluated using a 3-(4,5 dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl-
2-(4-sulfophenyl)-2H-tetrazolium assay.

RNA extraction

RNA was extracted using a protocol combining TRIzol (Invitrogen) and
mirVana miRNA Isolation Kit (Ambion/ThermoFisher Scientific)?® or
a RNAqueous Micro scale RNA Isolation kit (<500 000 cells;
ThermoFisher Scientific). RNA integrity and concentration were
determined using an Agilent 2100 Bioanalyzer and NanoDrop
ND-1000 spectrophotometer, respectively.

Microarray profiling

miRNA expression profiling was performed using GeneChip miRNA
1.0.2 arrays (Affymetrix), as previously described,'” and CEL files
are deposited at Gene Expression Omnibus (GSE72648). GEP of
clinical samples and transduced SU-DHL-5 cells was performed using
Affymetrix GeneChip HG-U133 Plus2.0 arrays. CEL files were generated
using the Affymetrix Gene-Chip Command Console Software and de-
posited at Gene Expression Omnibus (GSE109027). Data comply
with Minimum Information About a Microarray Experiment requirements.

Reverse transcription quantitative polymerase
chain reaction

miR-155 expression was determined by TagMan miRNA reverse
transcription quantitative polymerase chain reaction (RT-qPCR;
Thermo Fisher Scientific). Two independent cDNA syntheses
were conducted and pooled before amplification gPCR analysis
(hsa-miR-155 [002623], RNU6B [001093], RNU24 [001001]).
Each sample was analyzed in triplicate, using Mx3000P (Stratagene/
Agilent Technologies). miRNA expression was normalized to RNU6B
and RNU24 and log, transformed.

Plasmid construction

A lentiviral vector containing multiple cloning sites for insertion of PCR-
amplified miRNA sequences was generated.?”?® The sequence
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encoding pri-miR-155 was amplified from Hela cells, using primers
5'-AAAGCGGCCGCCATCTTTTAATTGCCAATTTCTCTACC-3'
and 5'-AAAGCGGCCGCGTTTAAGGTTGAACATCCCAGT-
GACC-3'. Fragments were Not/-digested and inserted into Bsp 720/
digested plasmid from corynebacterium callunae (pCCL) with a mul-
tiple cloning site (MCS) immediately downstream of the H1 promoter
(H1) and phosphoglycerate kinase promotor (PGK) controlling en-
hanced green fluorescent protein (eGFP) (pCCL/H1-MCS-PGK-
eGFP). For miR-155 inhibition, a Tough Decoy (TuD)-expressing
construct with high miRNA-suppressive capacity was generated by a
2-step cloning strategy.?®° DNA sequences containing inhibitor
sequence flanked by Nhel/Ascl sites were synthesized and cloned
into pUC57 by GeneScript. Inhibitor sequences were cleaved from
pUCSH7 and cloned into Avrll/Ascl-digested pCCL/PGK-eGFP.H1-MCS.
Sequences including TuD were PCR-amplified from lentiviral vectors
encoding H1 driven inhibitor, using 5'-AAAAGGTACCGTATGAG-
ACCACCCTAGCCC-3" and 5'-AAAAGGTACCCAGAGAGACC-
CAGTACAAGGC-3'. Kpnl-digested PCR products were cloned into
Kpnl-digested pCCL/PGK-eGFP.

To test functionality, sense and antisense oligonucleotides harbor-
ing miR-155 target sequence were annealed and cloned into
Notl/Xhol-digested psiCHECK-2 vector (Promege\).29 Co-transfections
of HEK293T cells were performed with 7 ng pCCL/U1-miRNA.
PGK-eGFP, 14ng psiCHECK-miRtarget ,and 80 ng pCCL/
PGK-eGFP-TuD, using X-tremeGENE 9 (Roche). Renilla and
Firefly luciferase expression levels were measured 48 hours
posttransfection, using Dual-Glo Luciferase Reporter Assay Sys-
tem (Promega). Renilla luciferase activity was normalized to Firefly
and presented relative to negative control (pCCL/PGK-eGFP).

All plasmids were verified by sequencing (GATC; Konstanz, Germany).

Lentivirus production and transduction

To generate lentiviral vectors, 1 X 107 HEK293T cells were seeded in
25 mL Dulbecco’s modified Eagle medium. Twenty-four hours after
seeding, cells were transfected with 9.07 ug pMD.2G, 7.26 g pRSV-
Rev, 31.46 pg pMDIg/p-RRE, and 31.46 pg lentiviral transfer vector.
Both 48 and 72 hours posttransfection, viral supernatant was harvested,
filtered (0.45 m), and ultracentrifuged. Virus yield was determined by
measurements of p24 capsid protein, using p24 Antigen ELISA
Kit (XpressBio). DLBCL cells were seeded at 300 000 cells/mL
in 1 mL standard RPMI and transduced with virus corresponding
to 85 ng p24. DLBCL cell lines SU-DHL-5, OCI-Ly7, NU-DHL-1,
and RIVA were selected on the basis of ABC/GCB classification,
resistance/sensitivity to vincristine, and lentiviral transducibility.?”
RT-qPCR was used to confirm changes in miR-155 expression.

CRISPR-Cas9 knockout

Single guide RNA (sgRNA) was designed to target the functional part
of MIR155HG (supplemental Figure 1). Sense and antisense oligo-
nucleotides encoding the sgRNA were annealed and cloned into
pLV/CRISRP-v2, using Bsmbl site.*’ OCI-Ly7 was transduced
with LV/CRISPR-sgRNA-miR-155 or LV/CRISPR-sgRNA-control, the
latter without target in the human genome (5’-ACGGAGGCTAAGC-
GTCGCAA-3') and subjected to puromycin selection (0.5 pg/mL).
After 2 weeks, gDNA was extracted using standard NaCl/EtOH
precipitation protocol, and gDNA encompassing the Cas9 cut sites was
amplified using 5'-AACTCCGAAGAGCGGTT-3' and 5'-GGTTGA-
ACATCCCAGTGACC-3'. Indel frequencies were determined by
sequence-based Tracking of Indels by Decomposition analysis.®?
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miR-155 knockout clones from single-cell expansion were gener-
ated by seeding 96-well plates at concentrations of 0.5 cell/well in
50 pL standard RPMI, 100 pL conditioned medium, and 50 pL
RPMI containing 55% fetal bovine serum and 3% penicillin/
streptomycin. Tracking of Indels by Decomposition analysis and
RT-qPCR was performed in individual clones.

Dose-response screen of transduced cells

Transduced cells and miR-155 knockout clones were seeded at
3 X 10° cells/mL in 1 mL standard RPMI. Cells were exposed to
vincristine for 48 hours, and viable cells were counted using trypan
blue exclusion. Transduced cells were treated with 2 concentra-
tions of vincristine (0.0005-0.001 pg/mL), whereas miR-155
knockout cells were exposed to 0.0005, 0.001, and 0.0015 wg/mL.
Transductions and functional assays were performed in triplicate in
2 independent assays.

Western blot

Cell lysates were prepared using RIPA Lysis Buffer supplemented
with complete miniprotease inhibitors, and protein concentration
was determined using BCA Pierce (Thermo Fisher Scientific).
Western blotting analysis was performed following standard Bio-
Rad procedures loading 20 pg total protein. Antibodies used were
B-actin (1:10 000, Abcam, ab6276), Wee1 (1:1,000, Santa Cruz
Biotechnology, sc-5285), Ship-1 (1:1000, Santa Cruz Biotech-
nology, sc-8425), and rabbit-anti-mouse IgG (1:10 000, Abcam,
ab6728).

Double drug analysis

Wee1 inhibitor MK-1775 (Selleck chemical) was dissolved in dimethyl
sulfoxide. OCI-Ly7 cells were seeded in 96-well plates at a density
of 0.25 X 10° cells/mL, 24 hours before drug was added. Cells
were exposed to 0.0015 pug/mL vincristine, 400 nM MK-1775, or
0.0015 pg/mL vincristine and 400 nM MK-1775 for 48 hours, and
metabolically active cells were determined by 3-(4,5 dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl-2-(4-sulfophenyl)-2H-tetrazolium-
containing CellTiter 96 Reagent at a concentration of 20% of
pre-additional well content. Absorbance was measured at 492 nm
(BMG, LABTECH).

Statistical analysis

Statistical analyses were performed with R (v.3.3.3).%% Array-based
miRNA and gene expression data were cohort-wise background
corrected and normalized at the probe and gene level, applying a
Robust Multichip Average approach,®* respectively.

Differential miRNA expression analysis was performed using the
limma Bioconductor package (v.3.26.9),%® setting P < .05 and
FC > |2]| as the significance threshold.

To increase statistical power, external R-CHOP restricted cohorts®2*

were combined into a meta-cohort. The meta-cohort was batch
corrected using ComBat implemented in the sva Bioconductor
package (v.3.18.0),°4%7 and miR-155 expression was quantified
through the MIR155HG probe set 229437_at included in HG-U133
Plus2.0 GeneChip. Validity of array-based quantification was
confirmed through correlation analysis, with RT-qPCR quantified
miR-155 expression in the in-house cohort.

Confounding effects of ABC/GCB subclasses and Cheson response
evaluation on miR-155 expression were investigated through simple
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linear regression analysis. Survival analyses were performed using
Kaplan-Meier and log-rank test statistics for progression-free survival
(PFS) and overall survival (OS). Furthermore, simple and multiple Cox
proportional hazards regression analyses were conducted using an
additive model with international prognostic index, ABC/GCB, and
miR-155 expression (dichotomized by median split into low and
high or as a continuous variable) as independent confounders.
Linear regression and survival analyses were conducted for all
patients with DLBCL and restricted to ABC and GCB classified
patients, respectively.

Gene set enrichment analysis (GSEA) was performed for trans-
duced cells (miR-155 vs control and TuD-155 vs control), using
the GSEA desktop application (v.3.0)3® with preranked gene lists,
2000 permutations of gene set randomization, and default settings
otherwise. GSEA was restricted to gene sets included in the
Hallmark collection from the Molecular Signatures Database
(v.6.0),383° excluding sets with fewer than 15 or more than
500 genes. Gene sets with normalized P = .05 and FDR
q = 0.25 were considered significantly enriched.

If not mentioned otherwise, 2-sided Student t tests were performed
to evaluate statistical significance, and significance thresholds were
set to 0.05.

Results

Identification of vincristine response-specific miRNAs

DLBCL cell lines subjected to vincristine dose-response screens
were ranked according to their sensitivity, using area under the
dose-response curve, and trichotomized into groups of sensitive,
intermediate, and resistant cells (supplemental Table 1).2%%° To
identify miRNAs associated with vincristine response, global miRNA
profiling was conducted for each cell line in untreated condition,
and subsequent differential miRNA expression analysis between
vincristine-sensitive and vincristine-resistant cell lines identified 15
differentially expressed miRNAs (supplemental Table 3). Low miR-155
expression displayed the strongest association to vincristine resis-
tance and was selected for further analyses (supplemental Figure 2).
Of notice, miR-155 was the top candidate irrespective of split strategy
used to categorize cell lines as sensitive and resistant (4 sensitive,
5 intermediate, and 4 resistant; 6 sensitive and 7 resistant; data
not shown).

Downregulation of miR-155 promotes
vincristine resistance

To substantiate involvement of miR-1565 in vincristine response,
lentiviral vectors encoding pri-miR-155 or TuD-155 for stable up-
and downregulation, respectively, were designed (Figure 1A).

Two GCB-DLBCL cell lines, SU-DHL-5 and OCI-Ly7, that are
intrinsically sensitive and resistant, respectively, to vincristine with
high and low levels of endogenous miR-155 (supplemental Table 1)
were transduced. Forty-eight hours posttransduction, the expres-
sion level of miR-155 was significantly increased by lentiviral vectors
encoding pri-miR-1565 and reduced by TuD-155 (Figure 1BI-El).
Ectopic expression of miR-155 did not have toxic effects because
total cell number was unchanged (supplemental Figure 3). More-
over, GSEA conducted for transcriptional profiles of transduced
SU-DHL-5 cells revealed that top enriched gene sets detected in
miR-155 overexpressing cells compared with controls were
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associated with G2/M checkpoints and mitotic spindle assembly.
Consistently, those gene sets were enriched in control samples
when compared with cells with miR-155 knock-down (supplemental
Tables 4 and 5; supplemental Figure 4). Based on the antimitotic
effect of vincristine, those results suggest that miR-165 and
vincristine affect comparable biological processes.

Induction of miR-155 significantly increased vincristine sensitivity
in both GCB cell lines, and decreased miR-155 expression
consistently caused vincristine resistance in intrinsic vincristine-
sensitive SU-DHL-5 cells, whereas no change in response was
observed in the vincristine-resistant cell line OCI-Ly7 (Figure 1Bii-Eii).
Because downregulation of miR-155 did not affect vincristine
response in OCl-Ly7, 2 miR-155 knockout clones were generated
(supplemental Figure 5; Figure 2B). As a result of miR-155 depletion,
cell viability decreased, whereas no difference between vector
control and the parental wild-type counterpart was observed
(Figure 2A). Furthermore, miR-155 knockout increased vincristine
resistance over a range of concentrations (Figure 2C), indicating
that miR-155 functionally affected vincristine response in DLBCL
cells of the GCB subclass.

In addition, ABC cell lines RIVA and NU-DHL-1, characterized by
intrinsically intermediate response to vincristine and comparably
high endogenous expression of miR-155 (supplemental Table 1),
were similarly analyzed. Applying the TuD model system de-
creased miR-155 expression in RIVA cells; however, it did not
cause unambiguous effect on vincristine sensitivity (supplemental
Figure 6BI-Bll). Although functionality of the model systems was
confirmed (supplemental Figure 7),2® transduction with LV/miR-155
in RIVA and LV/TuD-155 in NU-DHL-1 did not generate significant
changes in intracellular levels of miR-155, and consequently,
vincristine dose-response analysis was not performed (supple-
mental Figure 6Al,DI). Overexpression of miR-155 in NU-DHL-1 cells
did not affect vincristine response either (supplemental Figure 6CI-Cll),
indicating that miR-155 does not play a pivotal role in vincristine
response in ABC cells as opposed to GCB cells.

The cell-cycle checkpoint gene WEET1 is a direct target
of miR-155

To identify target genes of miR-155 with an effect on vincristine
response, transcriptional profiles of ectopic miR-155 expressing
SU-DHL-5 cells were analyzed. On the basis of the antimitotic
effect of vincristine, resistance mechanisms could be related to
cell cycle processes, and thus negatively correlated genes associ-
ated with gene ontologies of cell cycle processes were selected
(n = 64; supplemental Table 6).

To investigate whether selected genes were potential miR-155
targets, miR-155-mRNA interaction was investigated using well-
documented miRNA prediction algorithms (TargetScan, miRDB,
microT-CDC, and microRNA.org) and TarBase, a database of
experimentally validated miRNA-mRNA interactions. Only 1 gene,
WEET, was predicted as a putative miR-155 target by all algorithms,
and was found as experimentally verified in TarBase. Notably, the
miR-155 binding site of WEET is actively recognized by miR-155 in
luciferase-based reporter assays,*®*' and in agreement, induced
protein level of Wee1 was observed in miR-165 knockout clones
(Figure 2D-E). WEE1 encodes a kinase controlling G2/M phase
by inhibitory phosphorylation of Cdk1, through which Wee1 also
affects sensitivity to antimicrotubule drugs.*? In accordance,

9 APRIL 2019 - VOLUME 3, NumBer 7 € blood advances

020Z 1snBny €1 U0 159n6 AQ Jpd" 0996Z0SIOUBADE/LOYLEYL/S8L L/./E/Pd-ajoIE/Sa0UBADPEPOO|d/BI0"SUOKEolIaNdySE//:Sdy WOl Papeojumog



Figure 1. Changes in miR-155 expression in GCB-DLBCL
cell lines affect vincristine response. (A) Schematic
overview of lentiviral vector plasmids used as control (i), for
expression of miR-155 (i) and TuD-155 (iil) inhibitor in fusion
with eGFP. (B-E) Up- and downregulation of miR-155 was
detected by RT-gPCR in (Bi,Ci) SU-DHL-5 and (Di,Ei)
OCI-Ly7 cells and followed by vincristine dose-response
analysis. (Bii,Cii,Dii,Eii) Drug response is illustrated

as percentage of living cells related to the no-drug

treated condition. CMV, cytomegalovirus promoter;

LTR, long terminal repeat; NQ, normalized quantity; PGK,
phosphoglycerate kinase promoter; WPRE, woodchuck
hepatitis virus posttranscriptional regulatory element.
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Figure 2. miR-155 knockout experiments. Two independent miR-155 knockout clones were generated in OCI-Ly7 cells by the CRISPR-Cas9 technology. Wild-type
accounts for untransduced OCI-Ly?7 cells, whereas control is an OCI-Ly7 population subjected to a sgRNA not targeting the human genome. (A) Cell proliferation was

determined by the trypan blue exclusion method after 48 hours of growth in wild-type, control cells, and miR-155 knockout clones. (B) miR-155 expression detected by

RT-gPCR. (C) Vincristine dose-response analysis using 0.0005 pg/mL, 0.001 pg/mL, and 0.0015 pg/mL. Drug response is illustrated as percentage of living cells related to

the no-drug condition. (D) Detection of Wee1 protein by western blotting. B-actin was used as loading control and Ship-1, a validated target of miR-155,%® as positive control.
(E) Quantification of western blot bands. Ship-1 and Wee1 levels are depicted as relative to B-actin levels. (F) Chemical inhibition of Wee1 by MK-1775. Wild-type OCI-Ly7
cells were exposed to saline, 400 nM MK-1775, 0.0015 wg/mL vincristine or 400 nM MK-1175 and 0.0015 pg/mL vincristine for 48 hours, and the number of metabolically

cells were determined by 3-(4,5 dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl-2-(4-sulfophenyl)-2H-tetrazolium assay. Drug response is presented as the number of cells

relative to the no-drug condition. MK, MK-1775; Vin, vincristine.

chemical inhibition of Wee1 in wild-type OCI-Ly7 cells decreased
the number of living cells and enhanced kiling when given in
combination with vincristine (Figure 2F).

Prognostic effect of miR-155 expression in
GCB-DLBCL

The relationship between miR-155 expression and ABC/GCB
subclasses was examined in the in-house cohort, for which miR-155
expression was assayed by RT-qPCR. Higher expression of
miR-155 was observed in the ABC subclass (supplemental Figure 8),
in accordance with previous observations.'®

To investigate the prognostic value of miR-155, dichotomized
miR-155 expression was analyzed for association with OS and
PFS in R-CHOP-treated patients. Because miR-155 is differ-
entially expressed between patients with ABC and GCB-DLBCL,
which display different pathogenesis and prognosis, survival analysis
was performed both overall and according to ABC and GCB
subclasses. A tendency for association between miR-155 and OS
and PFS was observed in the entire DLBCL cohort and for GCB-
classified patients, with low miR-155 expression characterizing
poor outcome (Figure 3; supplemental Figure 9).

To verify this trend, we investigated the prognostic value in an
independent meta-cohort of 701 patients with DLBCL, in which

1190 DUEetal

miR-155 expression was quantified through the precursor MIR155HG.
In the in-house cohort, mature miR-155 expression measured
by RT-gPCR was highly correlated to its precursor measured
by microarray (supplemental Figure 10), supporting array-based
miR-155 expression assessment. Analysis of these data revealed
differential expression of miR-155 between ABC and GCB-DLBCL
(supplemental Figure 8), consistent with the in-house cohort.

When evaluating the prognostic effect of miR-1565 expression,
prognostic stratification was confirmed within the GCB subclass,
with significantly shorter OS and PFS of patients with low levels of
miR-155 (Figure 4). However, miR-155 expression did not provide
prognostic information within the ABC subclass or the entire
cohort. These observations were supported by simple Cox
proportional hazards regression analysis (Table 1), and are in
accordance with the in-house cohort.

In addition, multiple Cox proportional hazards regression analysis
was conducted to test the prognostic value of miR-1565 when
combined with other prognostic tools of DLBCL. For multiple Cox
regression analysis, independent variables were only included in the
model if significant results were obtained when performing simple
Cox regression analyses. The analysis revealed that the prognos-
tic value of miR-155 was independent of the well-established
international prognostic index in the GCB subclass, irrespective of

9 APRIL 2019 - VOLUME 3, NumBer 7 € blood advances

020Z 1snBny €1 U0 159n6 AQ Jpd" 0996Z0SIOUBADE/LOYLEYL/S8L L/./E/Pd-ajoIE/Sa0UBADPEPOO|d/BI0"SUOKEolIaNdySE//:Sdy WOl Papeojumog



A 0]
0.75 4
=
£
£
=
=}
5 050
g
£
=
3
0.25
miR155 expr.
+ High
+ Low
0.00 4
T T T T T T T T
o 2 4 6 8 10 12 14
Overall survival (years)
. Number at risk
&
o =|34 28 22 12 7 3 2 o
2 —|3 26 20 10 8 5 2 0
@ T T T T T T T T
€ o 2 4 6 8 10 12 14
Overall survival (years)
B 104
0.75
=
£
=5
=}
5 0.50
E
5
=
3
0.25
miR155 expr.
+ High
000 4 #+Low
T T T T T T T T
o 2 4 6 8 10 12 14
Overall survival (years)
- Number at risk
3
=16 13 11 5 1 1 o o
L —|16 13 9 4 4 3 2 0
& T T T T T T T T
£ o 2 4 6 8 10 12 14
Overall survival (years)
C oo/ p=0.08
0.75 4
z
=1
=
£ 050 4
g
5
s
3
0.25 4
miR155 expr.
+ High
000 4 +Low
T T T T T T T
0 2 4 6 8 10 12
Overall survival (years)
. Numberat risk
g
o —| 14 12 10 6 5 2 2
2 —]15 11 9 6 4 2 0
-4 T T T T T T T
£ 0 2 4 6 8 00 12
Overall survival (years)

Figure 3. Analysis of prognostic effect of miR-155 expression. Kaplan-Meier
plots depicting OS of R-CHOP-treated patients with DLBCL in the in-house
cohort. The analysis was conducted for all patients with DLBCL (A),
ABC-classified patients (B), and GCB-classified patients (C). For each cohort,
patients were dichotomized by median split of miR-155 expression.
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dichotomized or continuous miR-155 expression (Table 1;
supplemental Table 7). Thus, miR-155 identifies a subgroup with
inferior prognosis among GCB-classified patients. In accordance,
patients with stable or progressive disease at time of response
evaluation®® display lower levels of miR-155 than patients in complete
remission (supplemental Figure 11), supporting the association
between low miR-155 expression and vincristine resistance.

Discussion

In a 2-step strategy, we defined miRNA involvement in vincristine
resistance in DLBCL, first by elucidating the biological role of
miRNAs in vincristine response by functional analysis and second
by evaluating the biomarker potential in 2 independent R-CHOP-
treated DLBCL cohorts. Identification of vincristine response-
specific miRNAs documented miR-155 as highly expressed in
vincristine-sensitive DLBCL cell lines, and functional validation
confirmed a direct link between miR-155 expression and vincristine
response in DLBCL cells. To compensate for cell line-specific
biological effects, analyses were performed in 2 ABC and GCB-
DLBCL cell lines, strengthening the biological interpretation.
Induction of miR-155 increased vincristine sensitivity in GCB cells,
with the strongest phenotype obtained in vincristine-resistant
OCI-Ly7. The endogenous level of miR-155 is relatively low in
OCI-Ly7, supporting significantly increased effect on vincristine
response on induction. Only a complete knockout generated by
indel introduction induced clear cellular resistance in OCI-Ly7,
showing that TuD-1565-directed reduction of already low miR-155
levels was not sufficient to cause phenotypic alterations. When
applying similar approaches in ABC cells, no unambiguous asso-
ciation between miR-155 and vincristine response was observed.
However, as a result of high endogenous miR-155 expression in
ABC cells, it may be challenging to further increase miR-155
levels. In GCB cells, in contrast, lentiviral intervention altered the
intracellular level of miR-155 independent of endogenous levels,
suggesting a more stringent and complex regulation of miR-155 in
ABC-DLBCL. Of notice, miR-155 is regulated by a feedback loop
through NF-kB signaling, a pathway reported to be constitutively
active in ABC-DLBCL.***°

GSEA revealed that ectopic expression of miR-155 affected
G2/M checkpoints and genes involved in mitotic spindle assembly. In
accordance, the cell-cycle checkpoint gene WEE7 was inversely
correlated with miR-155 in exogenously modified GCB-DLBCL
cells, and in addition, induced levels of Weel protein were
observed in miR-155 knockout clones. Although Weel is an
experimentally verified target of miR-155,%" it has not previously
been validated in DLBCL cells, which is of great importance, as
affected targets vary depending on the cell type in which the
miRNA is expressed.*®

A study by Visconti et al.*? reported that the Fcp1-Wee1-Cdk1 axis
controls spindle assembly checkpoints (SAC), which ensures
proper chromosome segregation by delaying mitosis exit until
mitotic spindle assembly.*” Antimicrotubule drugs, including
vincristine, impede mitotic spindle assembly by targeting
microtubules, leading to the activation of SAC and extension of
mitosis, which promotes apoptosis.*”*® Resistance to these
types of drugs has been related to the ability of cancer cells to
slip through the SAC and exit mitosis prematurely, and thereby
resist killing.*®4° Activation of Wee1 stimulates SAC slippage,*?
suggesting that increased vincristine resistance mediated by
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Figure 4. Analysis of association b OS and PFS and miR-155 expression. Kaplan-Meier plot depicting OS (A-C) and PFS (D-F) of R-CHOP-treated patients

with DLBCL in the meta-cohort, consisting of R-CHOP-restricted Lymphoma/Leukemia Molecular Profiling Project and International DLBCL Rituximab-CHOP Consortium MD
Anderson Project data. Before analysis, data were ComBat normalized to compensate for study-wise batch effect. Analyses were conducted for all patients with DLBCL (A,D),

ABC-classified patients (B,E), and GCB-classified patients (C,F). For each cohort, patients were dichotomized by median split of MIR155HG expression.

miR-155 knockout could occur through upregulation of Wee1
and increased Wee1 signaling. However, it is important to emphasize
that this study only addresses miR-155 signaling through Wee1.
miR-155 could mediate vincristine resistance by regulating other
targets as well, yet comprehensive target gene analysis was not
the focus in this study.

Genetic and chemical inhibition of Wee1 strengthens the SAC,
prolongs mitosis, and enhances kiling of vincristine-treated acute
lymphoblastic leukemia cells.***® In agreement, MK-1775, a chemical
inhibitor of Wee1, boosted the effect of vincristine in GCB-DLBCL
cells in this study. Interestingly, MK-1775 potentiated the cytotoxic
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effect of doxorubicin, another vital component of R-CHOP,®'
supporting combination therapy of R-CHOP and MK-1775 in
relapsed or refractory DLBCL.

miR-1565 is involved in numerous processes that could affect drug
response, including MAPK, PI3K/AKT, and RhoA signaling.°?®® In
line, decreased miR-155 expression in epidermoid carcinoma cells
increased cisplatin resistance by increasing the amount of Wee1
protein,®® similar to the mechanism of miR-155-induced vincristine
resistance reported in this study. Furthermore, suppression of miR-155
was found to reverse doxorubicin resistance in lung cancer cells,
whereas it did not affect the response in DLBCL cells, highlighting
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Table 1. MIR155HG expression is an IPl-independent prognostic marker for R-CHOP-treated patients with GCB-DLBCL

Simple Multiple
n no. HR 95% CI P HR 95% CI P
All DLBCL
miR-1565
Low 293 90 1 —
High 293 107 117 0.88-1.54 .28 — — —
IPI
0-1 71 6 1 1
2-3 314 84 3.76 1.64-8.61 .0017 3.42 1.49-7.84 .0038
4-5 201 106 9.61 4.22-21.88 7.19e-08 8.29 3.62-18.98 5.73e-07
Subclass
ABC 242 105 1 1
GCB 248 58 0.45 0.33-0.62 1.09¢-06 0.55 0.40-0.76 .00032
uc 96 34 0.73 0.50-1.08 Ah 0.71 0.48-1.05 .089
ABC-DLBCL
miR-155
Low 121 57 1 —
High 121 48 0.78 0.53-1.14 .20 — — —
IPI
0-1 15 2 1 —
2-3 125 38 3.57 0.86-14.89 .080 = = =
4-5 102 65 10.37 2.51-42.87 .0012 — — —
GCB-DLBCL
miR-155
Low 124 41 1 1
High 124 17 0.40 0.23-0.71 .0017 0.46 0.26-0.81 .0071
IPI
0-1 48 2 1 1
2-3 140 32 6.22 1.49-25.97 .012 5.91 1.42-24.69 .015
4-5 60 24 1253 2.96-53.06 .0006 11.10 2.61-47.15 .0011

Array-based miR-155 expression and outcome were analyzed by simple and multiple Cox proportional hazards regression analyses for OS. IPI (international prognostic index) score
information was not available for all patients, thus cohort sizes are reduced in this setting (115 samples were removed). M/IR155HG expression was dichotomized by median split in each of

the individual cohorts: all DLBCL patients, ABC-classified patients, and GCB-classified patients.

—, value not available because variables were only included in multiple Cox proportional hazards regression analysis if significant results were obtained in simple Cox proportional hazards
regression analysis; Cl, 95% lower and upper confidence intervals; HR, hazard ratio; n, number of samples; no., number of events.

the tissue-specific effect of a particular miRNA."®57 Whether
miR-155 has an effect on other compounds of R-CHOP is unknown.
However, rituximab exerts its action through CD20, whereas cyclo-
phosphamide has alkylating properties and furthermore induces
cytokine release, leading to antibody-mediated elimination,®® all of
which are mechanisms differing from those of vincristine. Thus,
miR-155 does most likely not affect rituximab and cyclophospha-
mide response through Wee1, but has the potential through other
targets.

To evaluate the prognostic effect of miR-155, expression levels
were analyzed for association with clinical outcome. It is noteworthy
that the clinical outcome is a result of the entire R-CHOP regimen,
and therefore, we investigated the prognostic potential of miR-155
regardless of its association to vincristine response. Investigation of
the meta-cohort demonstrated decreased OS and PFS for
patients with GCB-DLBCL with low MIR155HG expression.
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Notably, miR-155 identifies a subgroup of GCB-DLBCL with
inferior clinical outcome comparable to ABC-classified patients.
The beneficial effect of miR-165 on clinical outcome was a
surprising observation when considering the commonly accepted
perception of miR-155 as an oncomiR, yet documenting that the
effect of a particular miRNA is dependent on the cell type in which
it is expressed.

When examining the association between miR-155 and the ABC/
GCB subclasses, it was confirmed that miR-155 is more expressed
in ABC-DLBCL,'® which is in accordance with the role of miR-155
as an oncomiR, as ABC-classified patients have a dismal prognosis.
Furthermore, clinical analysis revealed that miR-155 only dis-
played prognostic value within the GCB subclass, highlighting the
molecular heterogeneity between the 2 molecular subclasses of
DLBCL. These findings, in combination with the different func-
tional effect of miR-155 on vincristine response in ABC and
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GCB cells, suggest that miR-155 affects different targets, depend-
ing on the cell of origin.

Contradictory to the beneficial effect of miR-155 observed in this
study, Igbal et al'® reported high miR-155 expression to be associated
with R-CHOP treatment failure in DLBCL. However, unlike the current
study, patients with DLBCL were divided according to survival risk and
not miR-155 expression, and furthermore, without subtype-specific
focus. In addition, by dichotomizing patients with DLBCL on miR-155
expression, Zhong et al®® documented inferior prognosis of patients
with DLBCL with high miR-155 levels, whereas no prognostic
stratification was observed in the study of Go et al.?% Yet, to the best
of our knowledge, this is the first prognostic evaluation of miR-155
with a DLBCL subtype-specific focus, thereby taking the different
pathogenesis of the molecular subclasses into consideration.

In conclusion, experimentally, we confirm a direct functional link
between miR-155 expression and vincristine response in DLBCL.
This role is supported by prognostic evaluation in 2 independent
DLBCL cohorts treated with R-CHOP, documenting a significantly
improved clinical outcome of GCB-classified patients with high
miR-155 expression. The data suggest that the role of miR-155 on
vincristine response is important enough to affect OS and PFS of
patients with GCB-DLBCL treated with R-CHOP.
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Supplementary Tables

Supplementary Table 1. Cell line specifications.

Cell line AUC Vincristine class ABC/GCB Endogenous miR-155
OCl-Ly19 53.99 Sensitive uc 11.79
FARAGE 56.11 Sensitive GCB 13.01
SU-DHL-5 57.86 Sensitive GCB 11.20
MC-116 61.97 Intermediate GCB 12.48
NU-DHL-1 70.72 Intermediate ABC 10.40
OCl-Ly3 74.83 Intermediate ABC 14.18
HBL-1 84.53 Intermediate ABC 13.65
U2932 85.34 Intermediate GCB 12.70
NU-DUL-1 90.25 Intermediate uc 11.02
RIVA 108.99 Intermediate ABC 12.32
OCl-Ly7 114.49 Resistant GCB 6.66
SU-DHL-8 126.06 Resistant GCB 8.14
DB 130.75 Resistant GCB 8.10

DLBCL cell lines DB, NU-DHL-1, NU-DUL-1, MC-116, and SU-DHL-5 were purchased from DSMZ (German
Collection of Microorganisms and Cell Cultures), while FARAGE, HBL-1, OCI-Ly3, OCI-Ly7, OCI-Ly19, RIVA, SU-
DHL-8, and U2932 were kindly provided by Dr. Jose A. Martinez-Climent (Molecular Oncology Laboratory,
University of Navarra, Pamplona, Spain). The cell lines are ranked according to vincristine sensitivity based
on area under dose-response curve (AUC).! Division into tertiles defines 3 sensitive, 7 intermediate, and 3
resistant cell lines. Based on GEP, DLBCL cell lines were classified into ABC/GCB subclasses by Wright
classification using published algorithms at hemaClass.org.? Endogenous miR-155 expression levels are

measured by GeneChip miRNA 1.0.2 arrays. Data is RMA normalized, thus the specified values are in log2



scale. For technical validation of miRNA array data, the expression levels of miR-155 were determined by RT-

gPCR (data not shown).

Supplementary Table 2. Patient characteristics.

Characteristic In-house cohort Meta-cohort

No. of patients 73 701
Sex

Female 30 (41%) 297 (42%)

Male 43 (59%) 404 (58%)
Age at diagnosis

Median 64 62

Range 20-87 17-82
IPl score

0-1 21 (29%) 71 (10%)

2-3 36 (49%) 314 (45%)

4-5 12 (16%) 201 (29%)

NA 4 (6%) 115 (16%)
ABC/GCB

ABC 32 (44%) 302 (43%)

GCB 32 (44%) 281 (40%)

uc 9 (12%) 118 (17%)

IPI, International prognostic index; NA, not available; UC, unclassified.



Supplementary Table 3. Vincristine response specific miRNAs.

miRNA P-value Log2(Fold change) Fold change Fold change description
hsa-miR-155 0.0008 4.37 20.67 Resistant down vs. sensitive
hsa-miR-148a 0.03 3.14 8.82 Resistant down vs. sensitive
hsa-miR-21 0.01 2.79 6.90 Resistant down vs. sensitive
hsa-let7b 0.02 2.75 6.75 Resistant down vs. sensitive
hsa-miR-21-star 0.006 2.29 4.90 Resistant down vs. sensitive
hsa-miR-23a 0.03 2.07 421 Resistant down vs. sensitive
hsa-miR-501-3p 0.04 1.99 3.98 Resistant down vs. sensitive
hsa-miR-24 0.02 1.89 3.71 Resistant down vs. sensitive
hsa-let7c 0.01 1.45 2.73 Resistant down vs. sensitive
hsa-miR-550 0.02 1.32 2.50 Resistant down vs. sensitive
hsa-miR-378-star 0.006 1.20 2.29 Resistant down vs. sensitive
hsa-miR-658 0.04 1.19 2.28 Resistant down vs. sensitive
hsa-miR-675 0.01 1.09 2.13 Resistant down vs. sensitive
hsa-miR-484 0.05 1.14 2.20 Resistant up vs. sensitive
hsa-miR-223 0.009 1.27 2.41 Resistant up vs. sensitive

Differentially expressed miRNAs detected comparing global miRNA expression profiles of vincristine

sensitive and resistant DLBCL cell lines (p-values < 0.05 and FC >|2]).



Supplementary Table 4. Enriched gene sets identified through GSEA analysis conducted for miR-155 vs.
control

Gene sets enriched in miR-155 Total size ES NES NOM p-val FDRg-val  Enrichment Rank (ES)
E2F_TARGETS 188 0.8 2.83 0 0 2223
MYC_TARGETS_V1 171 0.78 2.74 0 0 2596
G2M_CHECKPOINT 189 0.74 2.63 0 0 2223
MYC_TARGETS_V2 55 0.84 2.5 0 0 1574
MTORC1_SIGNALING 185 0.53 191 0 0 2326
HYPOXIA 189 0.52 1.83 0 0 1880
GLYCOLYSIS 191 0.51 1.82 0 0 2538
SPERMATOGENESIS 128 0.53 1.81 0 0 2125
DNA_REPAIR 133 0.52 1.79 0 0 2328
MITOTIC_SPINDLE 195 0.47 1.7 0 0.001 1714
OXIDATIVE_PHOSPHORYLATION 175 0.46 1.62 0 0.003 3042
ESTROGEN_RESPONSE_LATE 194 0.38 1.38 0.004 0.039 3332
UV_RESPONSE_UP 153 0.39 1.36 0.012 0.044 2845
Gene sets enriched in control Total size ES NES NOM p-val  FDRg-val  Enrichment Rank (ES)
MYOGENESIS 193 -0.35 -1.23 0.052 0.117 3423
IL2_STATS5_SIGNALING 189 -0.35 -1.26 0.032 0.154 1693
APICAL_JUNCTION 194 -0.36 -1.26 0.041 0.166 2391
KRAS_SIGNALING_DN 186 -0.36 -1.29 0.029 0.171 3077
APOPTOSIS 146 -0.39 -1.35 0.017 0.108 1833
P53_PATHWAY 192 -0.38 -1.36 0.013 0.108 2756
PI3K_AKT_MTOR_SIGNALING 99 -0.43 -1.41 0.023 0.082 1345
IL6_JAK_STAT3_SIGNALING 83 -0.52 -1.68 0.002 0.004 2056
ALLOGRAFT_REJECTION 183 -0.52 -1.85 0 0 2002
INTERFERON_GAMMA_RESPONSE 180 -0.55 -1.93 0 0 1983
INTERREFON_ALPHA_RESPONSE 86 -0.67 -2.16 0 0 1982

Gene set enrichment analysis (GSEA) was conducted for transcriptional profiles of SU-DHL-5 cells transduced
with LV/miR-155 and LV/MCS, respectively. GSEA was restricted to genes sets included in the Hallmark
collection (50 gene sets) from the Molecular Signature Database. Gene sets with normalized p-value<0.05
and FDR g-value<0.25 were considered significantly enriched. Only significant gene sets were shown in the
table. Abbreviations: Total size, number of genes included in the gene set; ES, enrichment score; NES,
normalized enrichment score; NOM p-val, multiple test corrected p-value for gene set size normalized ES;

FDR g-val, false discovery rate of normalized ES.



Supplementary Table 5. Enriched gene sets identified through GSEA analysis conducted for TuD-155 vs.

control

Gene sets enriched in TuD Total size ES NES NOM p-val FDRg-Val  Enrichment Rank (ES)
n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Gene sets enriched in control Total size ES NES NOM.p.val  FDR.q.Val Enrichment Rank
XENOBIOTIC_METABOLISM 191 -0.33 -1.28 0.043 0.139 2335
MITOTIC_SPINDLE 195 -0.33 -1.29 0.033 0.134 3184
UV_RESPONSE_UP 153 -0.36 -1.37 0.015 0.068 3270
P53_PATHWAY 192 -0.37 -1.42 0.007 0.045 3051
ADIPOGENESIS 187 -0.39 -1.53 0.001 0.014 4682
MYC_TARGETS_V2 55 -0.53 -1.73 0 0.001 3681
FATTY_ACID_METABOLISM 144 -0.46 -1.74 0 0.001 3457
DNA_REPAIR 133 -0.47 -1.74 0 0.001 4388
MTORC1_SIGNALING 185 -0.45 -1.76 0 0.001 3914
OXIDATIVE_PHOSPHORYLATION 175 -0.48 -1.84 0 0 5592
HYPOXIA 189 -0.49 -1.9 0 0 2180
GLYCOLYSIS 191 -0.49 -1.92 0 0 2787
G2M_CHECKPOINT 189 -0.54 -2.1 0 0 2787
MYC_TARGETS_V1 171 -0.59 -2.29 0 0 3600
E2F_TARGETS 188 -0.65 -2.51 0 0 3463

Gene set enrichment analysis (GSEA) was conducted for transcriptional profiles of SU-DHL-5 cells transduced

with LV/TuD-155 and LV/MCS, respectively. GSEA was restricted to genes sets included in the Hallmark

collection (50 gene sets) from the Molecular Signature Database. Gene sets with normalized p-value<0.05

and FDR g-value<0.25 were considered significantly enriched. Only significant gene sets were shown in the

table. Abbreviations: Total size, number of genes included in the gene set; ES, enrichment score; NES,

normalized enrichment score; NOM p-val, multiple test corrected p-value for gene set size normalized ES;

FDR g-val, false discovery rate of normalized ES; n.d., not detected.



Supplementary Table 6. Negatively correlated genes associated with cell cycle processes.

Prediction algorithms

Gene Symbol _Gene_ Ontology TagetScan miRDB mircroRNA MicroT-DCD | TarBase
Biological Process .org

WEE1 G2/M transition + + + + IP, RA
CAB39 Cell cycle arrest
RPS6KB1 G1/S transition * * * * )
GSK3B Re-entry into mitosis + - + + PR
'70'?[/)?5238 Mitotic cell cycle + - - + -
C7orf25 G1/S transition
PAK2 Mitotic cell cycle - - - + -
RBBP4 G2/M transition
38961, APPL1
CABLEES1, CCPG1,
HAPECAM2,

MAPRE2, PVRIG,
RABGAP1, RASSF2,
SGSM3,

CSNK2A1, FAMS9B,
GARASP1, HISTH14,
MAU2, MCPH1,
NEK6, NUP188,
NUP214, POLD4

CLIP1, KIF2B

CAMK2D, CRLF3,
CUL3, EIF4E, ITGB1,
MARK4, PIM2,
PPP3CA, PPP6C,
PSMBY, PSMDS,
SPDYA, UBA52, VIL1
ANAPC10,
CDK5RAP, CSNK1D,
DCTN2, DYNC1/2,
ENSA, EP300,
FBXL15, PCM1,
PPM1D, PPPIR12A,
PPP2R2A,
SDCCAGS, STK16,
TUBG2, TUBGCP6
CCNG2

CAB39L, SESN2

Cell cycle

Mitotic cell cycle

Mitotic cell cycle
Microtubule

G1/S transition

G2/M transition

Cell cycle checkpoint
Cell cycle arrest

GEP of SU-DHL-5 cells transduced with LV/miR-155, LV/TuD-155, and the comparable negative control
LV/MCS were investigated for identifying negatively correlated gene expressions. The 64 genes related to cell
cycle processes were investigated as potential miR-155 targets using four well-documented miRNA-mRNA

prediction algorithms: TargetScan v7.1, miRDB, microRNA.org, and MicroT-CDC.3® Published experimental



validated miRNA-mRNA interactions were identified from TarBase v7.0.” IP, immunoprecipitation; PR,
proteomics; RA, reporter assay; - not identified; + identified. If more than one gene is noted in the Gene

Symbol Column, +/- symbol is related to all the genes.



Supplementary Table 7. Simple and multiple Cox regression analyses conducted for: (A) all DLBCL patients,

(B) ABC classified patients, and (C) GCB classified patients included in the R-CHOP restricted meta-cohort.

Simple Multiple
n no.
HR 95% ClI P HR 95% ClI P
A.
All DLBCL IPI
0-1 71 6 1 1
2-3 314 84 3.76 1.64-8.61 0.0017 3.29 1.43-7.56 0.0050
4-5 201 106 9.61 4.22-21.88 7.19e-08 8.09 3.53-18.54 7.78e-07
Subclass
ABC 242 105 1 1
GCB 248 58 0.45 0.33-0.62 1.09e-06 0.41 0.28-0.59 1.37e-06
uc 96 34 0.73 0.50-1.08 0.11 0.52 0.34-0.81 0.0032
miR-155
Continuous 586 197 0.95 0.86-1.04 0.28 - - -
B.
ABC-DLBCL IPI
0-1 15 2 1
2-3 125 38 3.57 0.86-14.89 0.080 - - -
4-5 102 65 10.37 2.51-42.87 0.0012 - - -
miR-155
Continuous 242 105 0.85 0.71-1.00 0.052 - - -
C.
GCB-DLBCL IPI
0-1 48 2 1 1
2-3 140 32 6.22 1.49-25.97 0.012 5.95 1.43-24.86 0.014
4-5 60 24 12.53 2.96-53.06 0.0006 11.37 2.68-48.26 0.00098
miR-155
Continuous 248 58 0.72 0.60-0.86 0.00044 0.74 0.62-0.89 0.0016

Array-based miR-155 expression (continuous) and outcome were analyzed by simple and

multiple Cox

proportional hazards regression analyses for overall survival. IPl score information was not available for all

patients, thus cohort sizes are reduced in this setting (115 samples were removed). The multiple Cox

proportional regression analysis was performed using an additive model with IPI (trichotomized; IPI 0-1, IPI

2-3, IPI 4-5), ABC/GCB (ABC, GCB, UC), and miR-155 expression (continuous) as independent confounders.

Abbreviations: Cl, 95% lower and upper confidence intervals; HR, hazard ratio; n, number of samples; no.,

number of events; - value not available since variables were only included in multiple Cox proportional

hazards regression analysis if significant results were obtained in simple Cox proportional hazards regression

analysis.



Supplementary Figures

sgRNA

L
5-CTGT AATCGTGA;I'AGGGGT ITTTGCCTCCAACTGAC TATTAGCATTAACAG-3'

hsa-miR-155-5p hsa-miR-155-3p
H Seed region

Supplementary Figure 1. Schematic presentation of sgRNA for miR-155 knock-out by the CRISPR-Cas9
technology. The single guide RNA (sgRNA) targets the functional part of miR-155-5p of the miR-155 encoding
gene MIR155HG.2 The expected Cas9 cut site is marked by @ . The sequences encoding miR-155-5p and miR-

155-3p (miR-155-star) are marked in grey and seed regions are marked in green.

Supplementary Figure 2. miR-155 expression in DLBCL cell lines. Expression levels of miR-155 in vincristine
sensitive (OCl-Ly19, FARAGE, SU-DHL-5) and resistant DLBCL cell lines (OCI-Ly7, SU-DHL-8, DB) determined
by GeneChip miRNA 1.0.2 microarrays. *** p<0.001
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Supplementary Figure 3. Cell growth post-transduction. Cell proliferation was determined by the trypan
blue exclusion method after 48 hours of growth in (A) OCI-Ly7, (B) SU-DHL-5, (C) RIVA, and (D) NU-DHL-1 cells
transduced with LV/miR-155, LV/TuD-155, and LV/MCS. These cell lines were chosen for in vitro studies based
on ABC/GCB classification, resistance/sensitivity to vincristine, and lentiviral transducibility.’ The latter is of

great importance, since B-cells generally are difficult to transduce.
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A) B)

Q) D)

Supplementary Figure 4. Enrichment plots generated by GSEA analysis for (A+B) miR-155 vs. control and
(C+D) TuD-155 vs. control. GSEA was conducted for transcriptional profiles of SU-DHL-5 cells transduced with
LV/miR-155, LV/TuD-155 and LV/MCS (control), respectively. GSEA was restricted to genes sets included in
the Hallmark collection (50 gene sets) from the Molecular Signature Database. Gene sets with normalized p-
value<0.05 and FDR g-value<0.25 were considered significantly enriched. Significance of each enrichment

score was calculated by 2000 permutation tests. Since vincristine functions as an antimitotic drug, only

11



significantly enriched gene sets associated with G2/M checkpoints and mitotic spindle assembly were
depicted. The green line represents the running-sum statistic used to calculate the enrichment score (ES) of
the gene set. The ES is represented as maximum deviation from zero encountered in the running-sum
statistic. The vertical black bars beneath the enrichment score curve indicate the positions of gene set

members and their expression profile (red, upregulated; blue, downregulated).

A) B)

Q) D)

Supplementary Figure 5. Indel frequencies. Indel frequencies determined by TIDE analysis in: (A) OCl-Ly7
cells transduced with LV/CRISPR-sgRNA-miR-155. (B) OCI-Ly7 cells transduced with LV/CRISPR-sgRNA-
control. (C+D) miR-155 knock-out clone 1 and 2, respectively, which are characterized by a single nucleotide

insertion on one allele and a 3 nucleotide deletion on the other.
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Supplementary Figure 6. Manipulation of miR-155 expression in ABC-DLBCL cell lines do not affect

vincristine response. (Al+Bl) Expression levels of miR-155 were determined upon lentiviral transductions of
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RIVA cells. (BIl) Vincristine dose-response analysis was performed for TuD-155 transduced cells, since miR-
155 was significantly down-regulated. (CI+DI) Similarly, NU-DHL-1 cells were transduced and miR-155
expression was measured and (Cll) vincristine response was investigated in miR-155 over-expressing cells
(LV/miR-155). Vincristine response is shown as number of cells relative to the no-drug condition. NQ,

normalized quantity.
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Supplementary Figure 7. Suppression of miR-155 by TuD-155. Dual luciferase reporter assays were
performed in HEK293 cells co-transfected with psiCHECK-miRtarget, pCCL/U1-miRNA.PGK-eGFP and
pCCL/PGK-eGFP-TuD.
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A) B)

Supplementary Figure 8. miR-155 expression in ABC/GCB subclasses of DLBCL. (A) Expression levels of miR-
155 in the ABC/GCB subclasses of the in-house cohort measured by RT-qPCR. (B) Expression levels of
MIR155HG determined by microarray (Human Genome U133 Plus 2.0) in the meta-cohort. Significance levels:

* p<0.05, ** p<0.01, ***p<0.001. NQ, normalized quantity; RMA, Robust Multichip Average normalized.
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Supplementary Figure 9. Analysis of association between progression-free survival and miR-155
expression. Kaplan-Meier plots depicting progression-free survival of R-CHOP treated DLBCL patients in the
in-house cohort. The analysis was conducted for (A) all DLBCL patients, (B) ABC classified patients, and (C)

GCB classified patients. For each cohort, patients were dichotomized by median split of miR-155 expression.
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Supplementary Figure 10. Correlation analysis between MIR155HG and miR-155 expression. In the in-house
cohort of 73 samples, the mature miR-155 expression measured by RT-qPCR was well correlated to its

precursor MIR155HG measured by microarray (HG-U133; 229437_at) (r=0.8, p<2.2e-16). NQ, normalized
quantity; RMA, Robust Multichip Analysis normalized.
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Supplementary Figure 11. MIR155HG expression levels in Cheson response evaluation classes. Response
evaluations of patients in the validation cohort were extracted and investigated for association to MIR155HG
expression. The analysis was performed for (A) all DLBCL patients, (B) ABC classified patients, and (C) for GCB
classified patients. Significance levels: * p<0.05, ** p<0.01, ***p<0.001. CR, complete remission; PD,

progressive disease; PR, partial remission; RMA, Robust Multichip Average normalized; SD, stable disease.
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Abstract

Purpose Vincristine is widely used as anticancer therapy for a variety of hematological malignancies. The treatment is
limited by progressive vincristine-induced neuropathy, possibly including both peripheral sensory and motor nerves, auto-
nomic nervous functions, and the central nervous system. This dose-limiting side-effect can diminish quality of life and,
furthermore, cause discontinuation of vincristine treatment. The present review elucidates the current knowledge regarding
vincristine-induced neuropathy in hematologic malignancies, focusing on neuropathy assessment, clinical and molecular
predictive markers, drug—drug interference, prevention, and treatment.

Methods This review is conducted by a systematic search strategy for the identification of relevant literature in the PubMed
and Embase databases.

Results No clinical parameters displayed convincing potential as predictors of vincristine-induced neuropathy; however,
preexisting neuropathy was consistently reported to be associated with an increased risk of neurotoxicity. In contrast, molecu-
lar markers, including polymorphisms in genes involved in the pharmacodynamics and pharmacokinetics of vincristine,
displayed great potential as predictive markers of neuropathy incidence and severity. Furthermore, antifungal drugs, such
as itraconazole and voriconazole, decrease the metabolism of vincristine and consequently lead to severe neuropathy when
co-administered with vincristine, underscoring why fluconazole should be the antifungal drug of choice.

Conclusion Reports from the 71 included studies clearly emphasize the lack of consistency in neuropathy assessment, grad-
ing systems, and reporting, making it difficult to interpret results between studies. Thus, truer clinical and molecular markers
could emerge if the consistency of neuropathy detection and reporting increases by the use of conventional standardized
neuropathy assessment tools and grading scales.

Keywords Vincristine - Vincristine-induced neuropathy - Neurotoxicity - Hematologic malignancies - Biomarkers

Introduction

Marie Lindhard Madsen and Hanne Due Shared first authorship.

Vincristine is a chemotherapy drug belonging to the group

Electronic supplementary material The online version of this of vinka alkaloids, which also includes vinblastine and vin-
article (https://doi.org/10.1007/s00280-019-03884-5) contains desine, which has been widely used since its approval in
supplementary material, which is available to authorized users. 1963 [1]. The antimitotic drug is used in the treatment of
59 Karen Dybker §evera1 solid tumors and hemat.ologic malignancies, includ-

k.dybkaer@rn.dk ing breast cancer, non-Hodgkin’s lymphomas (NHL), and

leukemia [2]. Vincristine exerts its anti-neoplastic effect by
inhibiting polymerization of tubulin and incorporation into
microtubules, which prevents mitotic spindle assembly, lead-
ing to extension of mitosis and thereby apoptosis [3, 4].
The dose-limiting side effect of vincristine is neurotoxic-
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of adapted use of vincristine on outcome is debatable [5-7].
Vincristine interferes with microtubules, which are critical
components of nerve axons functioning as tracks for vesicle-
mediated transport, and leads to axonopathy that manifests
slowly and progressively [8]. Vincristine-induced neuropa-
thy (VIN) spans a broad spectrum of dysfunctions that fall
into three categories: sensory, motor, and autonomic neu-
ropathy (Table 1). The most common is peripheral sensory
and motor nerve neuropathy characterized by numbness,
paresthesia, impaired balance, weakened tendon reflexes,
and altered gait [9]. Autonomic dysfunctions includes con-
stipation, paralytic ileus, urinary retention and orthostatic
hypotension [10, 11]. Furthermore, several cranial nerve
palsies and some central nerve system (CNS) toxicities have
been reported (Table 1) [12-27], even though vincristine
poorly penetrates the blood—brain barrier [28]. Although
neurotoxicity is widely recognized as a common side-effect
of vincristine treatment in hematologic neoplasms, little is
known about the true incidence, short- and long-term mani-
festations and severity due to lack of consistency in detec-
tion, definition, and reporting.

Overall survival for adult hematologic cancer patients
has improved during the past decades due to new treatment
options, and more than 80% of children with acute lympho-
blastic leukemia (ALL) are now long-term survivors [29].
This therapeutic success, however, comes with the cost of
more people experiencing early- and late-onset adverse
effects, consequently affecting the recovering patient’s
QOL, which is especially important in children with a long
expected lifespan after treatment. Although the intensity of
the symptoms may not be extensive, the inconvenience is not
correlated, and QOL can be greatly impaired [30]. Given the

Table 1 Types of vincristine-induced neuropathy

increasing numbers of cancer survivors, the clinical signifi-
cance of chemotherapy-induced neuropathy is increasing;
consequently, clinical and molecular risk predictors, pre-
vention and treatment options, and measuring methods are
urgently warranted. In this paper, we systematically review
parameters related to vincristine-induced neurotoxicity in
hematologic patients, and we discuss their importance.

Methods

This review was completed according to the Preferred
Reporting for Systematic Reviews and Meta-analyses
(PRISMA) Guidelines [31].

Search strategy and study selection

PubMed and Embase databases were systematically searched
for current literature on VIN in patients with hematologic
malignancies. Supplementary Table 1 outlines the search
strategy. The search was performed on 16 July 2018 and
identified 1949 articles after removal of duplicates, which
subsequently were manually screened based on title and
abstract by two independent individuals. Articles not focus-
ing on hematologic malignancies or vincristine-induced neu-
ropathy were excluded as were reviews, conference abstracts,
nonhuman studies, and data not published in English. The
remaining articles were assessed for eligibility by full-text
screening, and 71 articles were included in this systematic
review after applying the same exclusion parameters (Sup-
plementary Fig. 1).

Type Definition Symptoms References
Sensory neuropathy Sensory nerve damage Paresthesia in form of numbness, tingling and pricking. Pain, impaired [9,92]
vibration/touch sensitivity/temperature recognition
Motor neuropathy Motor nerve damage Motor weakness, walking difficulties, muscle cramps, weakened tendon [92]
reflexes and fine motor skills
Autonomic neuropathy  Autonomic nerve damage Constipation, ileus, urinary retention, incontinence, hypotension [11,92]
Optic neuropathy Cranial nerve II damage Blurred vision, color vision deficiency, transient/permanent blindness [12,13]
Oculomotor nerve palsy Cranial nerve IIl damage  Ptosis, ophthalmoplegia [14-16]
Abducens nerve palsy  Cranial nerve VI damage  Ptosis, strabismus, ocular muscle paresis, diplopia [17, 18]
Facial nerve palsy Cranial nerve VII damage Limited movement of facial muscles and jaw [19]
Acoustic nerve palsy Cranial nerve VIII damage Hearing loss [20]
Ototoxicity Cochlear damage Decrease in frequencies, decrease of contralateral suppression amplitudes [21]
Hypoglossal nerve palsy Cranial nerve XII damage Loss of tongue movement [19]
Vocal cord palsy Laryngeal nerve damage  Stridor, respiratory distress, persistent cough [22, 23]
Encephalopathy/PRES  Cerebral dysfunction Disorientation, hemiplegia, global aphasia, seizures [24, 25]
SIADH Cerebral axonal swelling ~ Hyponatremia, seizures, mental changes [26, 27]

PRES posterior reversible encephalopathy syndrome, STADH syndrome of inappropriate antidiuretic hormone secretion
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Results

A total of 71 articles were included in this systematic
review (Supplementary Fig. 1). Of these articles, 13
investigated VIN measuring methods [9, 32-43], while
11 records investigated clinical risk predictors for VIN
development [44-54]. Fifteen records studied molecu-
lar risk parameters [5, 55-68]. In addition 12 records
described interactions between vincristine and other
drugs, mainly antifungal triazoles [1, 69-79], while 8
records addressed prevention and treatment options [ 10,
19, 80-85]. The remaining 12 records were of mixed char-
acter and included long-term effects, assessment of QOL,
and dose-dependent VIN studies [30, 86-96].

The 71 articles include studies of VIN in both pediatric
and adult hematologic malignancies, including ALL, dif-
fuse large B cell lymphoma, follicular lymphoma, multiple
myeloma, Burkitt lymphoma, anaplastic large-cell lym-
phoma, and Hodgkin’s lymphoma. The reported frequency
of vincristine-induced neurotoxicity in these studies var-
ies tremendously from approximately 100% [34] to 10%
[48] depending on patient exclusion criteria, vincristine
doses and number of treatment cycles, and the methods of
obtaining neuropathy information.

Methods for VIN measuring

Numerous methods for assessment of neuropathy are used
in different studies. There is no gold standard, making it
difficult to compare studies. This lack of a standard is most
likely the reason why the reported incidence of neuropathy
in patients treated with vincristine varies so significantly.
In 1981, the World Health Organization (WHO) initiated
a set of recommendations on standardized approaches to
recording baseline data, reporting of treatment, reporting
of response, and grading of acute and subacute toxicity to
assess the problem that it is difficult for investigators to
compare their results with those of others [97]. WHO’s
peripheral neuropathy score comprises 5 grades (0-4);
noteworthy, only two of the included studies applied
WHO?’s neurotoxicity score [5, 65].

In 2003, the National Cancer Institute of the National
Institutes of Health released the Common Terminology
Criteria for Adverse Events (CTCAE), which was revised
from a widely used neuropathy grading scale, named the
Common Toxicity Criteria, that was developed in 1984
[98]. CTCAE is still occasionally used today [67]. How-
ever, as it was shown to underestimate both incidence and
severity of neuropathy, several scores have been made to
overcome this problem, including the Total Neuropathy
Score (TNS) [34, 99]. TNS consists of ten items that are

both subjective and objective; however, the TNS was found
to be too burdensome and time-consuming for application
in everyday clinical practice and consequently reduced
into a clinical version (TNSc), a reduced version (TNSr),
and a neuropathy score that quite often used in pediatric
patients, called the Pediatric modified Total Neuropathy
Score (Ped-mTNS) [32]. The Ped-mTNS consists of the
first seven items of TNS and was shown to be a reliable
and valid measure of VIN in school-aged children [33].
Compared with Ped-mTNS, CTCAE version 3.0 failed to
identify sensory neuropathy in 40% of subjects and signifi-
cant motor neuropathy in 15% when applied on children
treated for ALL, lymphoma or non-CNS solid tumors [34].
Thus, the detection method itself greatly influences the
result, illustrating the need to introduce and unify detec-
tion and quantification of VIN.

A study examined the validity, reliability and clinical fea-
sibility of several VIN measures in ALL children [35]. The
study mostly concentrated on a variation of TNS, referred
to as Total Neuropathy Score-Pediatric Vincristine (TNS-
PV), which was found useful for measuring VIN in children
over the age of 5 years; additionally, some of the items were
responsive to change over time. Furthermore, they tested
CTCAE version 4.0 and the Balis grading scale, which both
presented a risk of underestimating VIN. The FACES pain
scale was feasible for pain severity quantification in children
of all ages. In addition to the previously established meas-
urements, they developed a simple test V-Rex consisting of
the two most responsive items, vibration and reflex, which
is better than standard grading scale methods according the
study [35].

Symptoms of VIN are mostly subjective; thus, self-
reported data could be preferable in VIN assessment. The
European Organization for Research and Treatment of
Cancer (EORTC) developed a questionnaire intended to
supplement the core quality of life questionnaire to assess
chemotherapy-induced neuropathy (QLQ-CIPN20) [42].
The 20-item questionnaire includes information on symp-
toms and functional limitations, and comparison to CTCAE
in two large datasets revealed a strong correlation between
patients with high CTCAE grade and QLQ-CIPN20 score,
documenting the validity of self-reported data in terms of
chemotherapy-induced neuropathy [43].

Interestingly, studies have shown a difference between
children and adults in the type of nerves that are the most
affected with a predominance of sensory neuropathy in
adults [90, 100, 101]. Electrodiagnostic examinations,
including nerve conduction of different nerves, T-reflex
measurement and needle electromyography, showed a elec-
trophysiological and clinical motor predominance in chil-
dren aged 1-17 years [39], which is consistent with other
studies using nerve conduction and somatosensory evoked
potentials [9, 38, 41, 86]. Furthermore, a study demonstrated
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that measurements of compound muscle action potential
amplitude on the median and/or peroneal nerve could objec-
tively grade VIN in children [9]. In addition to sensory and
motor, the third neuropathy modality is autonomic. Heart
rate variability, reflecting a vagal nerve lesion, is useful to
detect and quantify autonomic cardioneuropathy in children
diagnosed with ALL [36]. Furthermore, a study used The
Michigan Autonomic Symptoms Survey, but interestingly
no abnormalities in autonomic functions were found [40].

Many new neurotoxicity scores have continuously been
developed. Of these scores, some focus on objective find-
ings, while others are of more subjective character. Although
CTCAE still develops new versions, it seems to have been
outdated by newer approaches. Despite findings suggesting
motor predominance in children and sensory predominance
in adults, no consensus exists on the best methods of obtain-
ing VIN information in hematological patients of different
age.

Clinical predictors

Although occurrence of neurotoxicity is high, little is
known about risk factors for developing neuropathy during
vincristine treatment. A consensus about possible risk fac-
tors is lacking, and numerous parameters are only studied
and reported in a limited number of studies with relatively
small study populations. The dose-limitation of vincristine
is 1.4 mg/m? in each cycle with a maximum of 2 mg per
cycle, and higher doses exert greater toxicity and question-
ably result in better treatment outcome [91, 92, 102]. The
most consistent observation is that the severity of neuropa-
thy increases with accumulated vincristine dose [49, 92,
103]. Furthermore, several studies report advanced age in
pediatric patients as a clinical risk factor [61, 69, 73]. How-
ever, some studies do not find this correlation in pediatric or
adult patients [44, 49] and others even suggest the opposite
for both groups [54, 88, 95].

It has been suggested that neuropathy incidence could
be disease dependent given that a significantly higher inci-
dence in patients suffering from lymphoma is observed
compared with nonlymphoid cancer patients (e.g., leukemia,
breast cancer, malignant melanoma) [88]. Fourteen out of
23 patients with lymphoma and 5/37 patients without lym-
phoma developed neuropathy despite comparable dosage
[88], and concordant observations were made by others [46].
A higher percentage of lymphoma patients have elevated
levels of serum alkaline phosphatase, which significantly
prolongs elimination of vincristine and results in longer
vincristine exposure and associated toxicities [46]. Further-
more, the results from this study indicate that area under the
vincristine plasma concentration time curve and elevated
serum alkaline phosphatase are predictors of VIN [46];
however, the latter observation is contradicted in a study of
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26 patients reporting that serum alkaline phosphatase is not
important [92].

Several factors have been suggested as possible predictors
for VIN. A study from 2010 aimed to identify predictors
for chemotherapy-induced peripheral neuropathy, including
vincristine, in 52 patients [49]. It was discovered that the
number of chemotherapy cycles was a predictor of VIN,
whereas age and coadministration with nonsteroidal anti-
inflammatory drugs did not correlate with neuropathy inci-
dence and severity. Consistently, Anghelescu et al. observed
no difference in age between ALL patients with or without
neuropathy development [44]. No differences in sex, BMI
group, initial leukocyte count, ALL immunophenotype,
DNA index, or different genetic translocations were noted.
The only significant clinical predictive variable observed
was white non-Hispanic race [44].

Another study focused on the potential effect of micronu-
trient deficiency on VIN by measurement of serum vitamin
E, vitamin B, and folate together with nerve conduction
studies at a mean 20 months after the last vincristine injec-
tion; however, no significant association was observed [45].
Furthermore, the impact of liver dysfunction was exam-
ined in two independent studies, where one recommended
reduced vincristine dosage [46] whereas the other did not
[88].

Despite the fact that some records mention diabetes mel-
litus as a risk factor for developing VIN [103-105], thorough
studies are lacking. Patients with diabetes are at risk of dia-
betic neuropathy; therefore, it could be logical to assume that
diabetic patients are at higher risk for VIN. Noteworthy, dia-
betic neuropathy is a long-term risk of diabetes; therefore, it
is important to be aware of the difference between diabetes
as a risk factor and diabetic neuropathy as a secondary risk
factor.

Hyperglycemia is a common side-effect of corticosteroid
therapy that is often noted with vincristine treatment and
potentially leads to diabetes [106]. The effect of hyperglyce-
mia was studied in 278 patients with ALL during induction
chemotherapy regimens including vincristine [48]. Hyper-
glycemia was defined as glucose level >200 mg/dL on >2
determinations, and the study included 20 patients (7%)
previously diagnosed with diabetes. Statistically significant
differences in peripheral neuropathy were not noted between
103 patients with hyperglycemia and the 175 patients with-
out; furthermore, a subanalysis of patients with previously
diagnosed diabetes or elevated baseline blood glucose did
not reveal any differences. Consistently, no difference in
neuropathy incidence was found when comparing diabetic
patients requiring diabetic medications with nondiabetic
patients [54].

Furthermore, the consequences of hyperglycemia
in elderly patients were examined and included 162
patients with NHL treated with vincristine among other
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chemotherapeutic drugs [47]. The authors found that base-
line hyperglycemia, stage, creatinine clearance and hyper-
glycemia during chemotherapy was associated with grade
3—4 toxicity of 18 symptoms, including neuropathy, diar-
rhea, fatigue and pneumonia, without separate and focused
analysis of the individual symptoms.

The risk of severe neurotoxicity due to other forms of
pre-existing diseases than diabetes is more substantiated.
Care should be taken when administrating vincristine to
Charcot-Marie-Tooth disease (CMT) patients, the most com-
mon hereditary neuropathic disease. A clinical challenge is
undiagnosed cases of CMT, and seeking information about
family history of CMT before initiating chemotherapy with
vincristine could possibly prevent patients from severe neu-
ropathy given that pediatric ALL often is diagnosed before
the age of 10 and CMT after the age of 10 [51]. Pediatric
and adult cancer patients are at risk of undiagnosed CMT
[50]. Even small doses of vincristine that are normally not
associated with neuropathy can cause exaggerated and irre-
versible neuropathy in these patients [50]. Another form of
neuropathy presenting clinical problems is the autoimmune
Guillain—-Barré syndrome (GBS). Acute onset GBS can be
difficult to differentiate from VIN, and this differential diag-
noses is important to have in mind as GBS can be treated
with immunoglobulins. Uncertainty still remains whether
GBS and VIN can exaggerate one another [52, 53].

This section clearly emphasizes the inconsistency
between studies; however, clinical parameters, including
white non-Hispanic race and preexisting neuropathy, such
as CMT, are consistently reported in more than one study to
predict increased risk of VIN. When assessing the currently
available literature, preexisting diabetes does not increase
the risk of VIN. Hyperglycemia presenting during induction
chemotherapy or later in the course of chemotherapy also
does not increase the risk of VIN.

Molecular predictors

The hepatic cytochrome P450 3A (CYP3A) enzyme sub-
family is the most important system for drug metabolism.
Vincristine is primarily metabolized by CYP3A4 and
CYP3AS, of which the latter is considerably more effective
[107]. Given that 60% of African—Americans express the
CYP3AS enzyme compare with 33% of Caucasians [108],
several studies have investigated race-specific genotypes and
tested whether African-Americans metabolize vincristine
more effectively, resulting in lower vincristine exposure
and associated toxicities (Table 2). A retrospective study
analyzed 92 Caucasian and 21 African—American pediat-
ric ALL patients and identified VIN symptoms in 35% of
Caucasians compared with 5% of African—Americans [57].
Additionally, Caucasians experienced more severe vincris-
tine-associated neuropathy and had more reductions in total

doses. However, it is important to highlight that race is used
as a surrogate for the CYP3AS5 genotype, and no genotyping
was conducted.

The most common genetic germline polymorphisms are
CYP3A4*IB, CYP3A5*3, and CYP3A5*6, of which the latter
two variants induce splice variants and protein truncation
leading to substantially decreased expression of CYP3AS5
in the liver [108]. Increased incidence of VIN has been
observed in patients who expressed CYP3A5*3; although
the percentage of African—Americans expressing CYP3AS5*3
was greater than Caucasians, the difference did not reach
statistical significance potentially due to the small sample
size [64]. Furthermore, a higher incidence of neuropathy
was detected in Caucasians (81%) than African—Americans
(77%); however, substantially higher frequencies were noted
for both ethnicities compared with the study by Renbarger
et al. [57] (Table 2).

CYP3A variants were determined by others without
focusing on ethnicity [55, 56, 59, 66, 67] (Table 2). The
CYP3AS5 genotype was studied in 78 Kenyan children with
different cancer diagnoses [67]. Seventy-one of the 78 sub-
jects (91%) were homo- or heterozygous for the CYP3A5*1
allele, which are phenotypic identical and lead to high
expression of CYP3AS5. Children with genotypes causing
low CYP3AS expression had significantly higher detectable
vincristine levels in plasma compared with high expressers.
Regardless of several neuropathy assessment tools, minimal
neuropathy was detected, and no difference in neuropathy
incidence or severity was observed despite differences in
vincristine plasma concentrations. Noteworthy, Kenyan chil-
dren experienced negligible VIN compared with US children
despite receiving at least 33% more vincristine at baseline
due to protocol-specific dosing [67], indirectly supporting
the observations of race and CYP3A genotype.

Genotyping of 105 Caucasian children with ALL
revealed that 82% of the patient are low CYP3AS expressers
(CYP3A5*3 genotype) with a higher incidence and severity
of vincristine-induced side effects and more reductions of
vincristine compared with CYP3AS expressers [59]. Thus,
the CYP3A5*3 genotype causes increased vincristine expo-
sure, leading to higher neuropathy incidence and severity
grade; however, information on clinical impact was not
reported.

Studies to date have focused on genetic variants of genes
involved in the pharmacokinetics of vincristine. Other bio-
logical processes can also affect VIN; hence, polymorphisms
in microRNAs regulating vincristine-related genes have been
examined [5]. A mutation in the seed region of miR-3117
was detected that could affect binding to the drug transporter
genes ABCC1 and RALBI1, which are predicted to be targets
of miR-3117 in at least six prediction databases and conse-
quently affect the regulation and expression of the targets.
In addition, they identified a mutation causing alteration of
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the secondary structure of miR-4481a mutation, which is
potentially involved in peripheral nerve generation. Consist-
ently, polymorphisms in ABCC1 and ABCB1 drug trans-
porters correlate with neurotoxicity, which also applies to
ACTGI1 and CAPG1 polymorphisms that are targeted upon
vincristine treatment [60, 68]. By dividing VIN into early-
and late-onset, it was observed that early-onset neurotoxic-
ity was associated with upregulation of genes and SNPs in
genes involved in cell cycle and proliferation, whereas late-
onset neurotoxicity was characterized by polymorphisms in
genes involved in absorption, distribution, metabolism and
excretion [58].

A study was conducted for the identification of genetic
germline variants associated with the occurrence and sever-
ity of VIN in 321 pediatric ALL patients using Affymetrix
GeneChip 500 K or SNP 6.0 array [61]. They identified a
SNP in the promoter region of CEP72 that encodes a centro-
somal protein essential for microtubule formation, which is
directly involved in the mechanism of action of vincristine.
This mutation introduces a binding site for transcriptional
repression leading to lower expression of CEP72, which
causes microtubule instability and increased vincristine
sensitivity [61]. The CEP72 variant was observed in 50 of
321 pediatric ALL patients, which had a significantly higher
incidence and severity grade of neurotoxicity that was con-
sistent with findings of others [68]. Furthermore, they exam-
ined the variant in adult ALL patients using a case—control
setup with 48 patients who developed VIN and 48 who did
not, which confirmed the high incidence of neurotoxicity in
CEP72 variant patients [62]. Consistent with these findings,
the potential of the CEP72 variant as a marker of VIN was
investigated in Spanish ALL-diagnosed children; however,
no association was found [63]. The inconsistency between
studies could be due to population differences and the fact
that the studies by Diouf et al. [61] focused on neuropathy in
the later phase of treatment compared with the early phase in
the study by Gutierrez-Camino et al. [63]. As no association
was found, they conducted another study analyzing SNPs in
8 genes and 13 miRNAs involved in vincristine pharmacoki-
netics, which revealed strong association between neurotox-
icity and polymorphisms in ABCC2 [65].

Several genes involved in the pharmacokinetics and phar-
macodynamics of vincristine display potential as predictive
markers of VIN risk. Thus, genotyping can be useful to
guide individualized treatment to maximize the therapeutic
benefit and avoid unnecessary toxicity even if the role of
race and early/late VIN remains incompletely characterized.

Drug-drug interference
Concomitant administration of drugs always carries the risk

of drug—drug interaction. This effect can delay, decrease
or enhance the absorption or metabolism of either drug,

@ Springer

consequently affect the drug action and cause adverse
etfects. A major cause of morbidity and mortality in patients
with hematological malignancies treated with immuno-
suppressive protocols are invasive fungal infections [70].
Antifungal triazole drugs, such as fluconazole, itraconazole
and voriconazole, are the main agents for prophylaxis and
treatment [1], and itraconazole is preferred given its broader
spectrum of activity, especially against Aspergillus infec-
tions [75]. Unfortunately, the combination of vincristine and
itraconazole has proven unfortunate (Table 3).

Several case reports and retrospective studies describe
the outcome of VIN when antifungal triazoles are co-admin-
istered [1, 69-76]. This interaction is mostly described in
pediatric ALL patients but is also seen in adults (Table 3).
Especially during chemotherapy induction, children are at
increased risk of fungal infections due to neutropenia and
corticosteroid administration; therefore, antifungal prophy-
laxis could be worth considering [69]. This interaction was
first described in 1995 where 4 out of 14 adults experienced
severe neurotoxicity during vincristine induction therapy
and antifungal prophylaxis with itraconazole [72]. The pre-
scribed itraconazole dose in this report was 400 mg/day;
however, the same outcome has been observed and reported
in several other cases treated with lower doses (Table 3). The
study compared neurotoxic complications with a previous
series of 460 ALL patients treated with an identical cyto-
static regimen and found that the incidence of VIN enlarged
and the symptoms were more severe. This severely aggra-
vated neurotoxicity is also described by others [70, 75];
in addition, CNS toxicity has been recorded in 30% of the
patients receiving itraconazole [76].

As mentioned, vincristine is metabolized by CYP3A.
Fluconazole and itraconazole inhibit the action of CYP3A,
and the former is far less potent than itraconazole [109].
Furthermore, itraconazole inhibits the P-glycoprotein efflux
pump, a vincristine transporter, resulting in higher intracel-
lular vincristine concentrations [110]. Thus, coadministra-
tion of vincristine and itraconazole decreases the metabo-
lism of vincristine to a greater extent than coadministration
with fluconazole, causing notably enhanced neurotoxicity.
Consistently, three studies did not observe significant dif-
ferences in neuropathy upon fluconazole treatment [69, 71,
73], whereas six independent studies report higher incidence
and severe neuropathy upon itraconazole treatment [1, 70,
72,74-76] (Table 3).

A study by Yang et al. found that coadministration of vin-
cristine with itraconazole or voriconazole resulted in a sig-
nificantly higher incidence of vincristine-associated adverse
effects than in patients treated with fluconazole and control
patients only treated with vincristine [1]. Additionally, they
found that the incidence of VIN was significantly higher in
itraconazole-treated patients compared with patients treated
with voriconazole.
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Table 3 Drug—drug interactions with antifungal drugs
Drug Dose Diagnosis No. of patients Neurotoxic outcome References
Fluconazole 4 mg/kg/day ALL 197 children NS [69]
max 200 mg/day
5 patients:
300400 mg/day
Fluconazole 4 mg/kg/day ALL 31 children NS [73]
Fluconazole Voriconazole  Not stated ALL (n=114) 130 patients <22 y/o NS [71]
Fluconazole and vori- HL (n=16)
conazole
Fluconazole 8 mg/kg/day iv (n=42) ALL 136 cases NS [1]
Itraconazole 5 mg/kg/day os (n=44) VIN, CNS, autonomic
Voriconazole 8 mg/kg/day capsules VIN severity: Itracona-
(n=6) zole > voriconazole
Fluconazole 5 mg/kg/day (n=1) ALL 20 children NS [76]
Itraconazole 5 mg/kg/day (n=16) VIN, CNS, SIADH, ileus
Voriconazole 14 mg/kg/day iv (n=3) VIN
Itraconazole 400 mg/day capsules ALL 14 patients Severe VIN, ileus [72]
1629 y/o
Itraconazole 5 mg/kg/day capsules ALL (n=7) 9 children VIN, autonomic, seizures, [75]
B-cell NHL (n=1) SIADH
T cell NHL (n=1)
Itraconazole 200 mg/day capsules ALL 2 patients Autonomic, SIADH [74]
19 and 55 y/o
Itraconazole 200 mg/day os ALCL (n=1) 7 adults Severe VIN, ileus [70]
DLBCL (n=3)
FL (n=1) unspeci-
fied lymphoma
(n=2)

ALCL anaplastic large cell lymphoma, ALL acute lymphoblastic leukemia, DLBCL diffuse large B-cell lymphoma, FL follicular lymphoma, HL
Hodgkin’s lymphoma, iv intravenous, NHL non-Hodgkin’s lymphoma, NS no significance, os oral solution, STADH syndrome of inappropriate

antidiuretic hormone secretion, y/o years old

Numerous drugs are capable of CYP3A inhibition/induc-
tion and consequently have the potential to interfere with
vincristine. Protease inhibitor-based antiretroviral therapy,
such as ritonavir, causes excessive neurotoxicity when co-
administered with vinblastine, another vinka alkaloid, due
to CYP3A4 inhibition [77, 78]. Furthermore, a study from
a 1996 report on drug—drug interactions between colony-
stimulating factors and vincristine indicated that the underly-
ing mechanisms for the observed induced neuropathy is not
thoroughly studied; to our knowledge, the mechanism not
been reported to date [79].

Drug interactions should always be kept in mind when
administering more than one drug but especially when
administering toxic drugs, such as chemotherapy. When
using vincristine, which is almost completely metabolized
by the liver, it is important to be aware of concomitant use
of a drug that is also metabolized by CYP3A. Flucona-
zole should be preferred over both voriconazole and itra-
conazole for antifungal prophylaxis or treatment given that
itraconazole especially has the potential to cause severe
neurotoxicity.

Prevention and treatment

Vincristine-induced neuropathy can be momentary and
reversible; however, it is occasionally irreversible [87, 89].
Regardless, neuropathy may consequently necessitate dose-
reduction or cessation, thus reducing the treatment efficacy
and potentially shortening the overall survival time. Another
perspective is that neuropathy can significantly impact the
QOL [94], and neuropathy severity does not necessarily cor-
relate with how much it affects the patient [30]. These prob-
lems can potentially be overcome by identifying substances
with the ability to prevent and/or treat neuropathy.

Several agents have been suggested and tested for pre-
vention and treatment of VIN; however, the results have not
been promising. Currently, convincing evidence of useful
pharmacologic interventions is lacking.

A study provides information on the beneficial effects from
bracing and physical therapy to prevent fixed contractures/sur-
gery when suffering from peroneal nerve palsy [80]. An older
study from 1992 proposed Org 2766, a corticotropin (4-9)
analogue, as a means to ameliorating vincristine neuropathy
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and additionally observed higher neurotoxicity in the placebo
group [81]. Another study did not find Org 2766 to be neuro-
protective [85].

Gabapentin has been tested both as prophylaxis and treat-
ment in pediatric ALL; however, no conclusions could be
made other than gabapentin did not prevent the recurrence of
neuropathic pain [44]. Moreover, analgesic adjuvants given to
reduce neuropathy symptoms did not show adequate prophy-
lactic efficacy [49].

Pyridoxine (vitamin B6) and pyridostigmine (acetylcho-
linesterase inhibitor) have been used in the treatment of dif-
ferent types of VIN. Treatment of 4 ALL patients with pyri-
doxine and pyridostigmine for sensorimotor polyneuropathy
resulted in full recovery 1-2 weeks after treatment initiation
[82]. In agreement, a case study presented an ALL patient
who on day 61 was diagnosed with bilateral cranial nerve
VII and XII palsy and subsequently treated with intravenous
pyridoxine, and complete recovery of symptoms was achieved
after 2 weeks of treatment [19]. In both reports, uncertainty
remained regarding whether pyridoxine/pyridostigmine was
responsible for the resolution as it could have been a conse-
quence of vincristine discontinuation.

To evaluate potential preventive effects of glutamic acid,
a randomized study was conducted on 94 children diagnosed
with hematological malignancies and 12 with Wilms tumor
who received either glutamic acid (1.5 g/day divided into 3
doses) or placebo [10]. They found a statistically significant
difference between the two groups when assessing paresthesia,
patellar/Achilles reflexes, and frequency of constipation but
not until the third and fourth visit, suggesting that glutamic
acid may improve tolerance of vincristine. In contrast, a larger
randomized study in which 200 children with ALL or NHL
and 50 children with Wilms tumor or rhabdomyosarcoma
received either preventive glutamic acid (250 mg capsules 3
times a day, body surface area <1 m*=1 capsule, > 1 m?=2
capsules) or placebo did not find a statistically significant dif-
ference in any parameters [83]. Another similar amino acid,
glutamine, has shown possible beneficial effects on sensory
neuropathy and self-reported QOL [84]. The study included
31 children with hematological malignancies and 18 children
with nonhematological malignancies, which were only ana-
lyzed as one group.

Due to the high prevalence of VIN, it would be of great
significance to find possible prevention or treatment measures.
Unfortunately, it has not been possible to find a substance with
this property in current studies. Many of the substances are
only tested a few times and in small studies, but glutamine
could display potential if further studied.
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Discussion

This systematic review identified a total of 71 studies
addressing the circumstances concerning VIN in hemato-
logical patients. Although this subject obviously contains
many aspects, almost none of the findings are clear-cut.
In general, more research is needed given that VIN can
necessitate treatment alterations and possibly last for a
long period of time, significantly impacting QOL.

In addition to a cumulative dose, this systematic review
did not find consistency for any clinical predictors poten-
tially due to differences in cohort sizes, vincristine doses
and cycles, and neuropathy assessment tools. In addition,
several studies include patients with different cancer diag-
noses, which potentially could introduce a bias given that
vincristine interacts differently with cancers [46, 88]. Con-
sequently, further studies in larger settings are urgently
warranted to fully elaborate the impact of these clinical
parameters.

Caution is important with patients already suffering from
CMT; however, the rareness and common time of diagnosis
of this condition make it troublesome. A simple self-report-
ing checklist, which is not expensive or time-consuming for
hospital staff, could be helpful to identify undiagnosed CMT
patients before administrating vincristine [50].

With the greater attention towards molecular importance,
the existence of molecular predictors present promise. Stud-
ies of molecular predictors differed in genotype detection
technique and neuropathy detection method and grading,
which complicated the general cross-comparison of the
studies. Despite these differences, variants in the vincristine
metabolizer CYP3A5 leading to reduced CYP3AS expres-
sion were consistently reported as a risk factor for VIN
(Table 2). Noteworthy, the frequency of CYP3AS5 variants
varies between ethnicities; consequently, the reported inci-
dence of VIN is higher in Caucasians than African—-Ameri-
cans. Thus, ethnicity could be used as a risk factor for VIN;
however, it is important to emphasize that it is only a sur-
rogate for CYP3AS and that individual genotype assessment
is preferable. In addition to vincristine metabolizers, genetic
alterations in genes involved in vincristine pharmacodynam-
ics were associated with VIN. A SNP in CEP72 showed
great promise as predictor of VIN in two independent ALL
cohorts [62, 68] but failed stratification in a Spanish ALL
cohort [63]. Molecular risk factors clearly contribute to a
better understanding of vincristine neurotoxicity and are
potentially useful in the identification of individuals at
higher risk, which could optimize and personalize vincris-
tine dosing, leading to maximum response while minimizing
the risk of long-term neuropathy.

The results of drug—drug interference as a cause
of increased risk of VIN were very consistent and
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independent of cohort size, diagnosis and methodology.
Coadministration with itraconazole and to lesser extent
voriconazole is an important aspect of VIN cause and
worsening (Table 3). Based on the findings included in
this review, fluconazole appears safer when concomitantly
used with vincristine and should be preferred as antifungal
prophylaxis and treatment. Given that the mechanism of
this interaction involves inhibition of CYP3A in the liver,
it could be advisable to be aware of other strong CYP3A
inhibitors or inducers.

Unfortunately, neither substances for preventing VIN nor
treatment options have been discovered to date, resulting in
substitution, reduction or discontinuation as the only method
of handling neurotoxicity. Glutamic acid potentially prevents
or at least improves tolerance of vincristine in one study.

In general, various neuropathy detection methods and
grading systems are used for all aspects of neuropathy
examined in this review, making it very difficult to compare
studies and interpret the results between studies. Although
the WHO had great intentions to create a standardized tool
of assessing information about neuropathy, it obviously did
not succeed or persist as a useful rating scale since only two
of the 71 included studies used this tool. Nerve conduction
studies are thought to be the most accurate method of quan-
tifying VIN but are time consuming, costly and discomfort-
ing to be a standard VIN measurement in clinical practice.
In contrast, subjective measures introduce the risk of inter-
observational variability. With the many new neurotoxicity
scores used today, it is yet again of importance to agree on
but not necessarily standardize which score fits which situ-
ation best and thereby makes it possible to compare studies.

Conclusion

In conclusion, clinical parameters did not show convinc-
ing potential as predictors of VIN. In contrast, molecular
markers, including polymorphisms in the hepatic vincristine
metabolizer CYP3AS, displayed great promise in predicting
increased incidence and severity of neuropathy; however,
further studies are warranted to assess its use in treatment
prediction. Consistently, antifungal drugs, such as itracona-
zole and voriconazole, inhibit the action of CYP3AS5; con-
sequently, coadministration of vincristine and these drugs
decreases vincristine metabolism, leading to enhanced neu-
ropathy side effects. More true markers of both clinical and
molecular origin may emerge if consistency in VIN detec-
tion and reporting increases through the use of standardized
neuropathy assessment tools and grading scales.
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Abstract

Background: Treatment resistance is a major clinical challenge of diffuse large B-cell lymphoma (DLBCL) where
approximately 40% of the patients have refractory disease or relapse. Since DLBCL is characterized by great clinical
and molecular heterogeneity, the purpose of the present study was to investigate whether miRNAs associated to
single drug components of R-CHOP can improve robustness of individual markers and serve as a prognostic
classifier.

Methods: Fifteen DLBCL cell lines were tested for sensitivity towards single drug compounds of the standard
treatment R-CHOP: rituximab (R), cyclophosphamide (C), doxorubicin (H), and vincristine (O). For each drug, cell
lines were ranked using the area under the dose-response curve and grouped as either sensitive, intermediate or
resistant. Baseline miRNA expression data were obtained for each cell line in untreated condition, and differential
miRNA expression analysis between sensitive and resistant cell lines identified 43 miRNAs associated to growth
response after exposure towards single drugs of R-CHOP. Using the Affymetrix HG-U133 platform, expression levels
of miRNA precursors were assessed in 701 diagnostic DLBCL biopsies, and miRNA-panel classifiers predicting
disease progression were build using multiple Cox regression or random survival forest. Classifiers were validated
and ranked by repeated cross-validation.

Results: Prognostic accuracies were assessed by Brier Scores and time-varying area under the ROC curves, which
revealed better performance of multivariate Cox models compared to random survival forest models. The Cox
model including miR-146a, miR-155, miR-21, miR-34a, and miR-23a~miR-27a~miR-24-2 cluster performed the best
and successfully stratified GCB-DLBCL patients into high- and low-risk of disease progression. In addition,
combination of the Cox miRNA-panel and IPI substantially increased prognostic performance in GCB classified
patients.

Conclusion: As a proof of concept, we found that expression data of drug associated miRNAs display prognostic
utility and adding these to IPl improves prognostic stratification of GCB-DLBCL patients treated with R-CHOP.
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Background

Diffuse large B-cell lymphoma (DLBCL) is the most
common type of malignant lymphoma, accounting for
30-40% of all newly diagnosed non-Hodgkin lymph-
omas. It is a highly aggressive and heterogeneous dis-
ease with respect to clinical presentation, tumor
biology, and prognosis [1]. Gene expression profiling
(GEP) enables cell-of-origin classification of DLBCL
into two histologically indistinguishable molecular
subclasses: the activated B-cell-like (ABC) and the
germinal center B-cell-like (GCB), which reflect a
subset of the normal B-cell differentiation stages.
These subclasses differ in pathogenesis, genetic aber-
rations, and survival outcome [2, 3] and have entered
clinical prognostic evaluation, complementing the
international prognostic index (IPI), which has been
the gold standard for decades [3, 4].

First-line treatment for newly diagnosed DLBCL pa-
tients is a multi-agent regimen combining the anti-CD20
monoclonal antibody rituximab with the three chemo-
therapeutics cyclophosphamide, doxorubicin, and vin-
cristine, and the corticosteroid prednisone (R-CHOP).
Although addition of rituximab to the regimen has im-
proved treatment outcome of DLBCL substantially, up
to 40% of patients have refractory disease or relapse after
initial response to therapy due to drug-specific molecu-
lar resistance [5-7]. Study of the pharmacological princi-
ples underlying the R-CHOP regimen revealed no
synergistic interaction but very low cross-resistance,
showing a strong combination of independently effective
drugs without overlapping mechanisms of resistance [8].
Thus, identification of biomarkers predictive for single
drug components of R-CHOP is of great importance
when attempting to improve clinical outcome.

microRNAs (miRNAs) are endogenous, small non-
coding RNA molecules regulating gene expression at
the post-transcriptional level [9]. Compelling evidence
has demonstrated that miRNA expression is dysregu-
lated in human cancers, with several miRNAs func-
tioning as oncogenes or tumor suppressors [10].
Deregulation of miRNAs occurs early and consistently
in tumor development and progression, and thus con-
stitutes a promising source for discovery of novel bio-
markers. Indeed, specific miRNAs and global miRNA
expression profiles have shown significant potential as
diagnostic as well as prognostic biomarkers for
DLBCL [11-13], and several studies support their role
in chemotherapy resistance [14—16]. Since DLBCL is
a highly heterogeneous disease at the molecular level,
we hypothesized that a panel of miRNAs associated
to individual components of R-CHOP can improve
robustness of individual markers and serve as a
prognostic classifier predicting disease progression in
DLBCL patients.
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To test this hypothesis, we determined the global
miRNA transcriptome and performed systematic dose-
response drug screens in a DLBCL-specific cell line panel
to identify single drug associated miRNAs. Applying
multivariate Cox regression and random survival forest
techniques, prognostic miRNA-panel classifiers were de-
veloped and the predictive accuracies were subsequently
evaluated by Brier scores and time varying area under the
ROC curves.

Methods

Cell lines

Fifteen human DLBCL-derived cell lines DB, NU-DHL-1,
NU-DUL-1, MC-116, SU-DHL-4, SU-DHL-5 (DSMZ,
German Collection of Microorganisms and Cell Cultures)
and FARAGE, HBL-1, OCI-Ly3, OCI-Ly7, OCI-Ly8, OCI-
Ly19, RIVA, SU-DHL-8, and U2932 (Provided by Dr. Jose
A. Martinez-Climent, Molecular Oncology Laboratory,
University of Navarra, Pamplona, Spain) were included
(Table 1). The cell lines were cultured under standard
conditions at 37 °C in humidified atmosphere of 95% air
and 5% CO, with RPMI1640 medium containing 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin (P/S)
for no longer than 20 passages. All cell lines were authen-
ticated by DNA barcoding as previously described [18]
and examined for mycoplasma infection when terminating
their culturing period.

Clinical cohorts

The study was conducted in accordance with the Declar-
ation of Helsinki and tumor biopsies from 73 primary
DLBCL patients were collected at time of diagnosis in
accordance with the RetroGen research protocol, ap-
proved by the Health Ethic Committee of North
Denmark Region (Approval jr. no. N-20140099). All pa-
tients were treated with R-CHOP according to standard
protocols. This retrospective cohort is referred to as the
AAU dataset. In addition, we used the following data
sets from the National Center for Biotechnology Infor-
mation Gene Expression Omnibus (GEO) repository:
Lymphoma/Leukemia Molecular Profiling Project R-
CHOP (LLMPP R-CHOP) (GSE10846) [19] and Inter-
national DLBCL Rituximab-CHOP Consortium MD An-
derson Project (IDRC) (GSE31312) [20]. All patients
were classified into the molecular ABC/GCB subclasses
using GEP (Table 2).

Dose-response experiments

Dose-response screens with rituximab, cyclophospha-
mide, doxorubicin, and vincristine, respectively, were
performed as described previously [18, 21]. Since cyclo-
phosphamide is a prodrug that requires hepatic activa-
tion to produce its active metabolite, the synthetic
oxazaphophorine derivate mafosfamide was used in the
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Table 1 Cell line specifications
Cell line Seeding concentration Rituximab Cyclophosphamide Doxorubicin Vincristine ABC/GCB
cells/mL AUC AUC AUC AUC
DB 0.125x 10° 3181 Int 3456 Res 2755 Res 130.7 Res GCB
FARAGE 0.25%10° 3441 Int 3110 Res 1796 Sen 56.1 Sen GCB
HBL-1 0.25x10° 4219 Res 2260 Int 2722 Int 845 Int ABC
MC-116 0.25% 10° NA NA NA NA 2718 Int 620 NA¥* GCB
NU-DHL-1 0.125x 10° 3166 Int 1717 Sen 2006 Sen NA NA ABC
NU-DUL-1 0.25% 10° 2364 Sen 2141 Sen 2239 Int 90.3 Int uc
OCl-Ly3 0.125x 10° 407.6 Res 261.7 Int 2534 Int 748 Int ABC
OCl-Ly7 0.125x 10° 2183 Res 2579 Sen 3249 Res 1145 Int GCB
OCl-Ly8 025x10° 406.6 Res NA NA NA NA NA NA uc
OCl-Ly19 0.25x10° 4004 Res 202.1 Sen 166.9 Sen 54.0 Sen uc
RIVA 0.25% 10° 2758 Res 296.0 Int 3267 Res 109.0 Res ABC
SU-DHL-4 0.25x%10° 1504 Sen NA NA 2888 Res NA NA GCB
SU-DHL-5 0.25x 10° 2512 Sen 164.5 Sen 2015 Sen 579 Sen GCB
SU-DHL-8 05x10° 4250 Res 2706 Int 2220 Sen 126.1 Res GCB
U2932 04x10° 354.1 Int 3298 Res 2948 Res 853 Int GCB

For each drug, DLBCL cell lines were ranked according to sensitivity based on area under the dose-response curve (AUC) for rituximab, cyclophosphamide,
doxorubicin, and vincristine. Division into tertiles defines: Rituximab, 4 sensitive, 5 intermediate, 5 resistant; Cyclophosphamide, 4 sensitive, 4 intermediate, 4
resistant; Doxorubicin, 5 sensitive, 4 intermediate, 5 resistant; Vincristine, 4 sensitive, 4 intermediate, 4 resistant. Based on GEP, DLBCL cell lines were classified into
ABC/GCB subclasses by Wright classification using published algorithms at hemaClass.org [17]. ABC, activated B-cell like; GCB, germinal center B-cell like; Int,
intermediate; NA, not available; Res, resistant; Sen, sensitive; * excluded due to large variation between replicates

dose-response assays. As the pharmacological effect of
R-CHOP has limited cross-resistance rather than syner-
gism [8], single drug screens were used instead of com-
binations in order to identify miRNAs that were
specifically associated to response for the individual
components of the treatment regimen. The cells were
seeded 24 h prior to addition of the drug using cell line
specific seeding concentrations to ensure exponential
growth for 48 h (Table 1). For rituximab dose-response
screens, each cell line was subjected to 16 concentra-
tions in serial 2-fold dilutions ranging from 133.3 ug/mL
to 407 x 10°pg/mL and 30 min after rituximab addition,
normal pooled human AB serum (INR IPLA-SERAB,
Novakemi AB, Sweden) was added to a final concentra-
tion of 20%. For cyclophosphamide, doxorubicin, and
vincristine, the cell lines were exposed to 18 drug-
specific concentrations in 2-fold dilutions starting from
80, 10, and 20 pg/mL, respectively [21]. The number of
metabolic active cells was evaluated after 48 h of drug
exposure using MTS assay (CellTiter 96 Aqueous One
Solution Reagent, Promega, Madison, WI). Absorbance
was measured at 492nm using an Optima Fluorostar
plate reader (BMG LAB-TECH, Ortenberg, Germany).
All border wells were omitted from data analysis in
order to avoid border effect. All drug screens were con-
ducted with 3 replicates of each drug dose and with 3
biological replicates for each cell line. Since a fixed time
of drug exposure were used, fast proliferating cells will

appear more sensitive compared to slow proliferating
ones. Therefore, area under the dose-response curve
were used as summary statistic of the drug screens, mak-
ing the results independent of cell line doubling time as
it takes growth kinetic into account [21].

Global miRNA and mRNA expression profiling

Total RNA was extracted using a modified protocol
combining TRIzol Reagent (Invitrogen, Paisley, UK) and
mirVana miRNA Isolation Kit (Ambion/ThermoFisher
Scientific, Grand Island, NY) as previously described
[22]. RNA quality and concentration was determined by
Agilent 2100 Bioanalyzer analysis (Agilent Technologies,
Santa Clara, CA) and NanoDrop ND-1000 spectropho-
tometer (ThermoFisher Scientific), respectively. miRNA
expression profiling was performed using GeneChip
miRNA 1.0.2 arrays (Affymetrix, Santa Clara, CA) ac-
cording to the manufacturer’s protocol. The cell lines
DB, FARAGE, OCI-Ly3, OCI-Ly7, OCI-Ly8, OCI-Ly19,
NU-DHL-1, RIVA, and U2932 were prepared for
hybridization using Flashtag HSR kit from Genesphere
(Genesphere, Hatfield, PA) whereas HBL-1, MC-116,
NU-DUL-1, SU-DHL-4, SU-DHL-5, and SU-DHL-8
were prepared using Fashtag Biotin HSR RNA labeling
kit (Affymetrix) [14]. For GEP, RNA was labeled and hy-
bridized to Affymetrix GeneChip Human Genome U133
(HG-U133) Plus 2.0 arrays, as described by the manufac-
turer. Generated miRNA and HG-U133 CEL files are
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deposited at NCBI GEO repository GSE72648 and
GSE109027, respectively. The data comply with MIAME
requirements [23].

Experimental validation of miRNA expression in cell lines
by digital droplet polymerase chain reaction

Two independent c¢cDNA syntheses were conducted
and pooled before amplification in digital droplet
polymerase chain reaction (ddPCR) analysis. Each
sample was analyzed in duplicate/triplicate using
ddPCR assays and correlated to probes on U133 +2;
hsa-miR-146a (000468), hsa-miR-155 (002623), hsa-
miR-21 (000397), hsa-miR-27a (000408) and hsa-miR-
34a (000426). miRNA expression was normalized to
RNU6B (001093) and RNU24 (001001) and log2
transformed prior to correlation to miRNA specific
probes on U133 +2 (232504 _at for miR-146a, 22937_
at for miR-155, 220990_s_at for miR-21, 1555847 _a_
at for miR-23a —miR-27a-miR-24-2, and 235571_at
for miR-34a). Correlation coefficients shown in Sup-
plementary Figure 5.

Statistical analysis

All statistical analyses were performed with R version
3.5.1; an accompanying knitR document with detailed
information on the analysis and package versions is sup-
plied in Supplementary Document S2. Prior to statistical
analysis, the array data were cohort-wise background
corrected and normalized at probe level by robust multi-
chip average (RMA) [24] implemented in the Biocon-
ductor package affy v1.58 [25].

Differentially expressed miRNAs between DLBCL cells
lines classified as sensitive and resistant for rituximab,
cyclophosphamide, doxorubicin, and vincristine, respect-
ively, were identified using the empirical Bayes method
[26] implemented in the R package limma v3.36.3 [27].
Since cell lines were prepared for hybridization to the
miRNA 1.0.2 microarray platform with different labeling
kits [14], differential miRNA expression analyses were
adjusted for possible confounding with a kit effect by in-
cluding it as a covariate in the model. MiRNAs with ab-
solute log-fold changes greater than two (|JFC| > 2) were
considered as differentially expressed and were included
in the list of candidate miRNAs subjected for further
analysis. The set of candidate miRNAs for development
of the prognostic classifier was chosen by filtering the
set of differentially expressed miRNAs against those de-
tected by HG-U133 probe sets. For each candidate probe
set, correlation analysis between miRNA 1.0.2 array and
HG-U133 array was conducted to validate HG-U133
array-based miRNA expression assessment.

Three clinical data sets (Table 2) were combined
into a meta-cohort for training and validation of the
prognostic classifiers. Validation was performed by
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Table 2 Patient characteristics
IDRC LLMPP R-CHOP AAU
n 468 233 73
Gender
Female 198 (42%) 99 (42%) 30 (41%)
Male 270 (58%) 134 (58%) 43 (59%)
Age
Median 63 61 66
Range 18-92 17-92 20-87
IPI
0-1 254 (54%) 94 (40%) 48 (66%)
2-5 168 (36%) 70 (30%) 21 (29%)
NA 46 (10%) 69 (30%) 4 (5%)
ABC / GCB
ABC 199 (43%) 93 (40%) 32 (44%)
GCB 225 (48%) 107 (46%) 32 (44%)
uc 44 (9%) 33 (14%) 9 (12%)

Number of patients and percentage within cohort / variable. ABC activated B-
cell-like, GCB germinal center B-cell-like, IP/ International prognostic index, NA
not available, n number of patients, UC unclassified

repeated cross-validation with 10 folds and 10 repeats
rather than using an independent validation set, since
only two large clinical cohorts were available and we
wanted to investigate the potential of a model trained
on a combined dataset. By repeating the cross-
validation we were able to investigate the variation in
prediction accuracy resulting from the randomization
in the cross-validation folds.

To compensate for cohort-wise technical batch effects,
the ComBat function implemented in the R-package sva
[28] was applied. Training of prognostic classifiers were
performed for all DLBCL patients and for subsets of
ABC and GCB classified patients, respectively.
Progression-free survival (PFS) was chosen as the out-
come, since it is a treatment evaluation parameter as
closely as possible to the time of drug exposure and the
tested miRNAs were all associated directly to drug spe-
cific response. Furthermore, overall survival (OS) was
used for verification of findings.

The prognostic miRNA-panel models were identified
and trained by both multivariate Cox regression or ran-
dom survival forest with 1000 trees using either drug-
specific probes alone or in combination with a dichoto-
mized IPI score (IPI “0-1” and “2-5” for low and high
risk, respectively). The random survival forest imple-
mentation from the R-package randomForestSRC v2.7.0
was used [29-31]. For Cox regression models, variable
selection was performed by preselecting probes that had
a statistically significant effect in univariate Cox regres-
sions adjusted for study effects (p < 0.05). The preselec-
tion of probes was performed for each cross-validation
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fold and repetition to avoid sharing information between
training and validation sets. Additionally, univariate Cox
regression models using either IPI or age as input fea-
tures were trained and used as a baseline comparison for
the models including miRNA probes. The prognostic ac-
curacies of the classifiers were validated by performing
10-fold cross-validation using either all DLBCL patients
in the combined dataset, or the respective subsets of
ABC or GCB classified patients. The models were
ranked by the Brier score and time varying area under
the ROC curves by comparing the predicted survival
probability for each individual in the combined valid-
ation set from the cross-validations to the observed PFS
and OS every half year from zero to five years.

The linear predictions from the Cox models in the
cross-validation were used to get a score for each in-
dividual, by averaging across the scores from the 10
repeats of the cross-validation. By splitting these
scores into tertiles Kaplan-Meier plots for low, inter-
mediate, and high risk patients were generated within
the respective cohorts and with significance evaluated
by log-rank tests. Since more than 90% of events for
both PFS and OS happened within the first 5years
Kaplan-Meier plots were restricted to this period. For
all Kaplan-Meier analyses, significance threshold were
set to 0.05.
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Results

Identification of miRNAs associated with drug-specific
response

Triplicate dose-response experiments were analyzed
using area under the dose-response curve for rituximab,
cyclophosphamide, doxorubicin, and vincristine, respect-
ively, taking the individual cell line doubling time into
account [21]. For each drug, the cell lines were ranked ac-
cording to their sensitivity, grouped into tertiles and catego-
rized as sensitive, intermediate responsive, or resistant
(Table 1). Global miRNA expression screens were con-
ducted on untreated cell lines for optimal candidate selec-
tion and subsequent differential miRNA expression analysis
between sensitive and resistant cell lines identified 43 miR-
NAs to be associated with compounds of the R-CHOP regi-
men (Supplementary Tables 1, 2, 3, and 4). The majority of
miRNAs associated with vincristine and doxorubicin were
downregulated in resistant DLBCL cells, whereas rituximab
resistance was primarily associated with upregulated miR-
NAs (Supplementary Tables 1, 3, and 4). Conversely,
differentially expressed miRNAs for cyclophosphamide
were equally distributed between up- and downregulation
(Supplementary Table 2). Several miRNAs were associated
with more than one drug (Fig. 1); of notice, 6 out of 13
miRNAs were shared between vincristine and doxorubicin.
Additionally, miR-146a, miR-148a, miR-155, miR-221, and

Figure was constructed using the R package VennDiagram v1.6.20

Fig. 1 Drug response-specific miRNAs and HG-U133 probes. Venn-diagram depicting response specific differentially expressed miRNAs for
rituximab, cyclophosphamide, doxorubicin, and vincristine. Numbers in parentheses show the number of matching HG-U133 Plus 2.0 probes.




Due et al. BMC Cancer (2020) 20:237

miR-222 displayed ambiguous association to responses of
different compounds of the regimen.

Since the miRNA microarray platform is not used in
clinical context, miRNAs were matched to HG-U133
microarray probe sets detecting miRNA encoding genes,
which reduced the candidate list to 11 probe sets detect-
ing the following 9 miRNAs: miR-146a, miR-155, miR-
21, miR-23a~27a~ 24-2 cluster, miR-34a, miR-503, and
let-7b, which cover drug specific miRNAs for all four
drugs (Fig. 1, Table 3).

miRNA-panel prognostic classifier

Based on the identified drug-specific miRNAs, multiple
Cox regression and random survival forest models were
used to build classifiers predicting disease progression in
patients with DLBCL to test both parametric and non-
parametric ensemble based survival models. Since ABC
and GCB-classified patients display different miRNA ex-
pression patterns, pathogenesis and clinical outcome [2,
3, 11], the training and validation of prognostic models
were conducted for all DLBCL patients and for ABC and
GCB classified patients, respectively. Additionally, since
IPI is well-established in the clinical setting, it was essen-
tial to evaluate if the prognostic miRNA classifiers added
to the prognostic performance of IPI.

Prognostic accuracies of the generated miRNA-panel
classifiers were assessed by Brier scores, which revealed
better performance of the multivariate Cox models com-
pared to the random survival forest models that had the
largest prediction error regardless of input features
(Fig. 2a-c). In contrast, evaluations of predictive perfor-
mances by time varying area under the ROC curves were
not as unambiguous, however, the highest predictive

Table 3 Candidate miRNAs
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accuracy was still observed for multivariate Cox models
(Fig. 2d-e). Comparison of analyses conducted for the
respective cohorts (All DLBCL, ABC, and GCB patients)
showed the lowest prediction errors for all models
within the GCB subclass (Fig. 2a-c), with a multivariate
Cox miRNA-panel model displaying prognostic utility
comparable to IPI (Fig. 2f). In addition, combination of
the miRNA-panel and IPI substantially increased prog-
nostic performance in GCB classified patients (Fig. 2f),
indicating a prognostic signal from the response-specific
miRNAs independent of IPL Furthermore, the Cox
model combining IPI and the miRNA probe sets within
the GCB subclass had the highest prognostic utility for
all cross-validation repetitions showing a robust
improvement.

In the ABC subclass, the developed miRNA-panel classi-
fier did not provide additional prognostic information to
IPI, either alone or in combination with IPI (Fig. 2b and
e), suggesting little utility of the drug-specific miRNAs in
this subclass. In agreement, similar results for ABC and
GCB classified patients were observed when comparing
the predicted PES to the observed OS (Supplementary Fig-
ure 1). Consequently, the analyses were focused on the
GCB subclass of DLBCL, which accounts for 46% of all
cases (Table 2).

A linear prediction score was obtained for each indi-
vidual in the combined GCB dataset by averaging the
scores from the validation sets across the 10 repetitions
of cross-validation for the multivariate Cox models using
miRNA probe sets alone or in combination with IPIL
These scores were used to rank the individual risk for all
GCB classified patients, and by splitting the scores into
tertiles, all GCB DLBCL patients were classified in

Probe ID (HG-U133) miRNA Drug sensitivity Annotation grade
232504 _at miR-146a 1 Cyc, 1 Vin A
238225_at miR-146a 1 Cyc, 1 Vin B
229437 _at miR-155 1 Rtx, 1 Dox, tVin A
220990_s_at miR-21 1 Vin A
229417 _at miR-21 1 Vin E
235317_at miR-23a~miR-27a~miR-24-2 1 Dox, 1 Vin B
1555847_a_at miR-23a~miR-27a~miR-24-2 1 Dox, 1 Vin A
235571_at miR-34a 1 Dox, 1 Vin A
1557342_a_at let-7b 1 Vin A
241464 s_at let-7b 1 Vin B
227488_at miR-503 1 Rtx B

Differentially expressed miRNAs detected by HG-U133 Plus 2.0 probes were selected as candidate miRNAs. The list consisted of 11 probe sets detecting 9 miRNAs.
The annotation grade was assessed by NetAffx (Affymetrix) a transcript assignment pipeline creating a relationship between GeneChip probe sets and current
transcript record. The transcript assignment grades fall into five categories A-E that describe the quality of the direct evidence. Grade A is a matching probe set
having nine or more probes matching transcript mRNA. Grade B transcript assignments have partial overlap between transcripts and target sequence. Grade E is
given when no transcript is found. Abbreviations: 1 and | defines up- and downregulation, respectively, in drug sensitive cell lines. Cyc, cyclophosphamide; Dox,

doxorubicin; Rtx, rituximab; Vin, vincristine
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tAUC, time-varying are under the ROC curve

Fig. 2 Evaluation of prognostic accuracy. Predicted survival from various prognostic classifiers vs observed progression free survival with the Brier
score (top row, a-c) or tAUC (bottom row, d-f). Figures display means + — 25D evaluated across the 10 cross-validation repetitions. The prognostic
classifiers include: multivariate Cox regression models using either age (CoxAge), IPI (CoxIPl), miRNA expression (CoxMIR), or miRNA expression
combined with IPI score (CoxMIRIPI), and random survival forest models using miRNA expression (RSFMIR) or miRNA expression in combination
with IPI (RSFMIRIPI). Time in years. Figure was constructed using the R packages ggplot2 v3.2.1 and gridExtra v2.3. ABC, activated B-cell-like; GCB,
germinal center B-cel-like; IPI, international prognostic index; MIR, microRNA panel; PFS, progression-free survival; RSF, random survival forest;

defined groups of low, intermediate, and high-risk, the
latter with significantly inferior prognosis as shown in
the Kaplan-Meier plots for PFS and OS (Fig. 3, Supple-
mentary Figure 2). The low and intermediate-risk group
are not very distinct for the model including only
miRNA probe sets, addition of IPI, however, clearly
separates the patients into the distinct risk groups.
The prognostic potential of the miRNA-panel was
tested in each individual dataset validating the find-
ings of inferior survival of patients with high-risk
score (Supplementary Figure 3a-d).

In accordance, GCB DLBCL patients with stable or
progressive disease at time of response evaluation [32]
display higher risk scores (Fig. 4), with the biggest differ-
ence in mean risk scores for the model including IPI. In
addition, the multivariate Cox regression model combin-
ing IPI and probe sets detecting drug-specific miRNAs
(miR-146a, miR-155, miR-21, miR-34a, and the miR-

23a~miR-27a~miR-24-2 cluster) displayed the strongest
prognostic performance (Fig. 2c and f) and was selected
as the best model. Selected features and coefficients of
the developed prognostic classifier are presented in
Table 4, showing that most of the prognostic signal is
carried by IPI, and that some of the probes have insig-
nificant signal, although they were significant in the uni-
variate analysis (Supplementary Table 5). Six of the
candidate probe sets were not included in the final
model, as they did not display significant effect in uni-
variate Cox regression analysis (Supplementary Table 5).

Expression levels of the probe sets included in the
final prognostic model (Table 4) were highly corre-
lated to the mature miRNA measured by miRNA
array (Supplementary Figure 4), supporting HG-U133
array-based miRNA expression assessment. Of notice,
expression of the six miRNAs without significant ef-
fect were not correlated to the mature miRNA
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Fig. 3 Predicted risk group vs 5-year progression free survival in the combined GCB dataset. Risk groups were obtained by taking the
average predicted risk score across validation folds for the repeated cross-validation for the multivariate Cox models using (a) miRNA
probes either alone or (b) in combination with IPI and splitting these into tertiles. Figure was constructed using the R package
survminer v0.4.6

Fig. 4 Risk scores in Cheson response evaluation classes. Response evaluations of GCB classified patients were investigated for association to
predicted risk scores. CR, complete remission; PD, progressive disease; PR, partial response; SD, stable disease. Risk scores were obtained by taking
the average predicted risk score across validation folds for the repeated cross-validation for the multivariate Cox models using miRNA probes
either alone or in combination with IPI. Figure was constructed using the R packages ggplot2 v3.2.1 and gridExtra v2.3
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Table 4 Selected features and corresponding coefficients for
the final multivariate Cox model

Feature miRNA Hazard Ratio
IP12-5 3335
232504_at miR-146a 0857
229437_at miR-155 0.868
220990_s_at miR-21 0.995
1555847_a_at miR-23a~miR-27a~miR-24-2 0.958
235571_at miR-34a 0.776

The model was trained within the GCB subset of patients. MiRNA probes were
pre-filtered to only include those significant in univariate Cox regression

(Supplementary Figure 4), most likely due to low
probe set specificity (Annotation Grade B and E,
Table 3). For all drug-specific miRNAs a hazard ratio
below 1 is observed (Table 4), indicating that higher
expression is associated with better prognosis corre-
sponding to the original observation of down-
regulation being associated to resistance in vitro
(Table 3). Additionally, it is evident that vincristine
and doxorubicin are the main contributors to the
prognostic miRNA signature as most of the miRNAs
in the final classifier were initially included due to
significant effect on doxorubicin and vincristine
resistance.

Discussion

Here, we combined global miRNA expression profiles
and systematic dose-response screens to identify miR-
NAs associated to growth responses towards single drug
components of the R-CHOP regimen. MiRNA-panel
classifiers that assign individual DLBCL patients into
low- and high-risk patients were generated utilizing two
different approaches, multivariate Cox regression and
random survival forest.

Several of the identified drug-specific miRNAs dis-
played ambiguous association to compounds of the R-
CHOP regimen. Thus, high expression of miR-155 was
associated with sensitivity to both doxorubicin and vin-
cristine and with resistance to rituximab, most likely due
to different drug mechanisms of actions and affected tar-
get genes. Noteworthy, doxorubicin and vincristine had
46% of the response specific miRNAs in common (miR-
23a~miR-27a~miR-24, miR-34a, miR-155, and miR-
222), indicating resistance mechanisms affecting the
same molecular pathways. Consistently, ectopic induc-
tion of miR-34a have been shown to sensitize Ewing’s
sarcoma cells to doxorubicin and vincristine [33].

Anti-tumor drugs often have several mechanisms of
actions. Cyclophosphamide has, beside the function as
an alkylating agent, been shown to induce cytokine re-
lease from the cancer cells, thereby attracting macro-
phages and facilitating antibody-mediated elimination
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[34]. Our in vitro drug screen system lacks stromal cells
and the tumor microenvironment, thus, it is important
to emphasize that the identified cyclophosphamide-
specific miRNAs is restricted to the DNA crosslinking
mechanism of action. Furthermore, prednisone is a syn-
thetic corticosteroid drug suppressing the immune sys-
tem without cytotoxic effects and consequently, not
included in this study. The majority of the miRNAs in-
cluded in the final prognostic miRNA signature are asso-
ciated with doxorubicin and vincristine, which
consistently, are the two major cornerstones for efficacy
of R-CHOP [35].

Evaluation of prognostic impact in this study is based
on retrospective clinical cohorts where treatment condi-
tions are not strictly unified regarding number of cycles,
dosing [19, 20] and individual dose reductions due to
side-effects like neuropathy [36]. Taking this and the
pharmacological information on no synergistic effect of
R-CHOP into account [8], single drug screens were used
rather than combinational assays to identify candidate
miRNAs to be assessed in non-weighted models using
either multivariate Cox regression or random survival
forest models. The candidate miRNA originating from
single drug screens are thus tested and evaluated for
prognostic impacts in DLBCL patients receiving the full
R-CHOP regimen, ensuring that only miRNAs with
enough statistical power alone in univariate Cox-
regression analysis and in modelled combinations are in-
cluded in the final miRNA signature/panel.

The gene expression-based ABC/GCB subclasses of
DLBCL rely on distinct oncogenic mechanisms [37, 38]
and since affected miRNA targets vary depending upon
the cell type and differentiation stage in which the
miRNA is expressed [39], prognostic classifiers were
generated separately in ABC and GCB subclasses. The
drug-response specific miRNA-panel demonstrated a
significant prognostic association with PFS and OS in
GCB classified DLBCL patients treated with R-CHOP.
Consistently, the complete response rate after R-CHOP
was significantly higher for low-risk patients than high-
risk, documenting association between miRNA expres-
sion and response to R-CHOP.

Of the seven miRNAs significant in univariate Cox re-
gression, expression levels of miR-21, miR-146a, and
miR-155 have been confirmed to differentiate the ABC/
GCB subclasses in 24 studies [11, 12, 40-46], emphasiz-
ing the molecular heterogeneity between the two mo-
lecular subclasses of DLBCL. This difference in
expression levels as well as the cell type specific effect of
a particular miRNA, could be the reason why only little
prognostic utility of the miRNA-panel was observed for
ABC classified patients in contrast to GCB patients.
Additionally, IPI displayed lower prognostic accuracy in
these patients compared to GCB classified patients,
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indicating that new prognostic tools for ABC-DLBCL
are needed.

The prognostic gold standard IPI is based solely on
clinical parameters [4] and does not provide insight into
the molecular pathways driving tumorigenesis and treat-
ment resistance. Thus, molecular markers could poten-
tially improve the prognostic accuracy of IPI and
simultaneously provide information about the under-
lying molecular mechanisms. In line, combination of IPI
with drug-specific miRNAs increased the prognostic ac-
curacy in GCB-DLBCL. miRNAs display potential as a
promising source of biomarkers as they, due to their
small size, are relatively resistant to RNase degradation
and are well-preserved in FFPE tissue [47]. Additionally,
miRNAs can be detected in plasma and serum, thus,
holding potential as liquid biomarkers [45, 48]. However,
this study is proof of concept that addition of single
drug-specific miRNAs to IPI improves prognostic
stratification.

The prognostic utility of the miRNA probe sets was
tested by training models using both the widely used
semi-parametric multivariate Cox model, and the
non-parametric ensemble based random survival for-
est. The Cox models relies on an assumption of
proportional hazards and has a straightforward inter-
pretation of parameters, whereas the random forest
model makes no such assumptions and is able to fit
more complex interactions among variables in the
training data, but is more difficult to interpret. How-
ever, in our data we found no benefit of the random
survival model compared to the Cox model. This
might be caused by the limited number of variables
which means that the individual survival trees are of
limited depth, leading to too much bias in the predic-
tions. Experimental validation of miRNA expression
levels in cell lines are performed by ddPCR prior to
correlation to miRNA specific probes on Ul33 +2
(Supplementary Figure 4) generating coefficients of
correlations ranging between 0.65 and 0.94 (Supple-
mentary document S2, Table 5) supporting the usabil-
ity of miRNAs in prognostic models with IPI.

A possible drawback of the current study is the lack of
an independent external validation set, since the predic-
tion accuracies from the cross-validation might be overes-
timated. The focus of the current study is, however, not
the absolute but the relative prediction accuracy and thus
ranking of different models. The ranking of the models
could be affected by the randomization into cross-
validation folds, results however showed that the multi-
variate cox model including both miRNA probe sets and
IPI had superior prognostic signal within the GCB sub-
group, regardless of cross-validation randomization,
strengthening the hypothesis that miRNAs carry inde-
pendent prognostic signal from IPI. However, further
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studies including an external validation set are needed be-
fore making recommendations on clinical application.

The miRNAs included in the final model are well
studied miRNAs with known functions in normal B-cell
differentiation and tumorigenesis [13, 49, 50]. miR-21
and miR-155 has been reported to be upregulated and to
possess oncogenic properties in numerous cancers in-
cluding breast cancer, glioblastoma, and DLBCL [51-
55]. In addition, they have shown specific importance in
the pathogenesis of DLBCL, highlighted by the fact that
transgenic mice overexpressing miR-21 or miR-155
spontaneously develop lymphoma [56, 57]. In line, high
expression of miR-21 is associated with inferior progno-
sis in DLBCL patients [55], and functional studies docu-
ment a direct link between high miR-21 expression and
CHOP resistance through regulation of PTEN [58]. miR-
155 has been shown to control vincristine sensitivity in
DLBCL cells through downregulation of Weel and clin-
ical outcome analysis documented a significantly pro-
longed survival of GCB-classified DLBCL patient with
high miR-155 expression [16].

Conclusions

In conclusion, we found as proof of concept that adding
gene expression data detecting drug-specific miRNAs to
the clinically established IPI improved the prognostic
stratification of GCB-DLBCL patients treated with R-
CHOP.
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MicroRNAs associated to single drug components of R-CHOP identifies
diffuse large B-cell lymphoma patients with poor outcome and adds
prognostic value to the international prognostic index
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Supplementary Tables

Supplementary Table 1. Rituximab response-specific miRNAs.

logFC AveExpr t P.Value adj.P.val B
hsa-miR-222_st 6,127705 6,746617 2,335574 0,046563 0,99527 -4,46427
hsa-miR-221_st 5,053428 6,674317 1,886941 0,094462 0,99527 -4,50909
hsa-miR-155_st 3,043049 10,72422 1,965219 0,083584 0,99527 -4,50105
hsa-miR-345_st 2,866339 4,783869 1,723372 0,121665 0,99527 -4,52602
hsa-miR-30a_st 2,786987 4,874182 2,433865 0,039838 0,99527 -4,45496
hsa-miR-125b_st 2,598253 4,129437 1,049439 0,323503 0,99527 -4,59299
hsa-miR-183_st 2,526305 5,650952 3,008412 0,016116 0,99527 -4,40543
hsa-miR-503_st 2,517528 3,58562 2,299829 0,04928 0,99527 -4,4677
hsa-miR-9-star_st 2,441592 2,589669 3,016243 0,015921 0,99527 -4,40481
hsa-miR-551b_st 2,399113 2,331537 1,782125 0,111144 0,99527 -4,51992
hsa-miR-27b_st 2,294824  5,77071  2,15522 0,061967 0,99527 -4,48188
hsa-miR-424-star_st 2,293201 3,463778 1,858482 0,098741 0,99527 -4,51202
hsa-miR-99a_st 2,121462 3,714087 0,905464 0,390688 0,997061 -4,60535
hsa-miR-708_st 2,108274 4,108474 1,155873 0,279847  0,99527 -4,58322
hsa-miR-886-5p_st 2,069917 4,041259 0,988245 0,3509 0,997061 -4,59838
hsa-miR-886-3p_st 2,059803 3,926248 1,353949 0,211383 0,99527 -4,56395
hsa-miR-30a-star_st 2,039417 1,706873 1,795034 0,108949 0,99527 -4,51859
hsa-miR-629-star_st -2,25157 3,931262 -2,16803 0,060724 0,99527 -4,48061
hsa-miR-151-3p_st -2,46828 6,287612 -2,63478 0,028975 0,99527 -4,43666
hsa-miR-1303_st -2,53781 2,774613 -2,41659 0,040945 0,99527 -4,45658
hsa-miR-151-5p_st -2,73673 9,110051 -3,10579 0,013857 0,99527 -4,39791
hsa-miR-193b-star_st -3,76472 4,193284 -3,83514 0,004628 0,99527 -4,34937
hsa-miR-193b_st -4,03679 7,623577 -3,91546 0,004119 0,99527 -4,3448
hsa-miR-138_st -4,16554 6,175924 -3,0731 0,014576  0,99527 -4,4004




Differentially expressed miRNAs detected comparing global miRNA expression profiles of rituximab sensitive

and resistant DLBCL cell lines.

Supplementary Table 2. Cyclophosphamide response-specific miRNAs.

logFC AveExpr t P.Value adj.P.val B
hsa-miR-146a_st 4,703233 9,474632 1,863339 0,103797 0,957447 -4,41698
hsa-miR-148a_st 2,945592 5,477236 1,728867 0,126546 0,957447 -4,58636
hsa-miR-193b-star_st 2,551795 4,381195 1,831364 0,108821 0,957447 -4,45761
hsa-miR-30a_st 2,492496 3,816329 2,71736 0,029269 0,918181 -3,29987
hsa-miR-99b_st 2,396544  2,20903 2,000733 0,084656 0,957447 -4,24042
hsa-miR-551b_st 2,350764 2,459864 1,485161 0,180185 0,971399 -4,88087

hsa-miR-148a-star_st | 2,321438 2,687642 1,890166 0,099756 0,957447 -4,38275
hsa-miR-664-star_st 2,152382 3,391757 2,159586 0,066825 0,957447 -4,03327

hsa-miR-152_st 2,023634 4,542684 2,094523 0,073626 0,957447 -4,11841
hsa-miR-151-3p_st -2,23555 5,757154 -2,31506 0,053015 0,957447 -3,8288
hsa-miR-486-3p_st -2,30555 2,473152 -7,08054 0,000178 0,075391 0,853311
hsa-miR-151-5p_st -2,71017 7,972961 -1,35084 0,21792 0,984429 -5,03406
hsa-miR-138_st -3,66317 6,355507 -1,66731 0,138474 0,957447 -4,66244
hsa-miR-486-5p_st -4,4186 4,465431 -7,28733 0,000148 0,075391 0,976114
hsa-miR-221_st -5,31488 7,620498 -1,82912 0,109182 0,957447 -4,46044
hsa-miR-222_st -5,98562 7,443487 -1,72428 0,1274 0,957447 -4,59206
hsa-miR-708_st -6,07315 4,649318 -6,33909 0,000356 0,100596 0,367718

Differentially expressed miRNAs detected comparing global miRNA expression profiles of cyclophosphamide

sensitive and resistant DLBCL cell lines.



Supplementary Table 3. Doxorubicin response-specific miRNAs.

logFC AveExpr t P.Value  adj.P.Val B
hsa-miR-222_st -6,37335 6,110226 -2,86841 0,01821 0,955019 -4,35893
hsa-miR-221_st -5,51097  6,38203 -2,95342 0,015839 0,955019  -4,34936
hsa-miR-34a_st -3,28063 3,920212 -2,12977 0,06153 0,955019 -4,45114
hsa-miR-27a_st -2,84788 6,522453 -3,52912 0,006252 0,955019  -4,29097
hsa-miR-708_st -2,7983 4,150388 -1,92045 0,08644 0,955019 -4,47946
hsa-miR-200c_st -2,62599 5,556842 -1,63585 0,135722 0,955019 -4,51833
hsa-miR-23a_st -2,60387 9,104988 -3,11672 0,012131 0,955019 -4,33167
hsa-miR-155_st -2,1725 10,32635 -1,5163 0,16318 0,955019  -4,53447
hsa-miR-129-5p_st 2,009089 2,5239 2,751015 0,022094 0,955019 -4,37252
hsa-miR-193b-star_st 2,192303 4,765981 1,659642 0,130781 0,955019 -4,5151
hsa-miR-1295_st 2,240827 2,366998 2,595591 0,028558 0,955019  -4,39119
hsa-miR-181a-2-star_st 2,466703 4,281511 1,525795 0,16083 0,955019 -4,5332
hsa-miR-125a-5p_st 2,477203 3,493375 2,06706 0,068163 0,955019  -4,45957

Differentially expressed miRNAs detected comparing global miRNA expression profiles of doxorubicin

sensitive and resistant DLBCL cell lines.



Supplementary Table 4. Vincristine response-specific miRNAs.

logFC AveExpr t P.Value adj.P.vVal B
hsa-miR-886-5p_st -2,03165 4,060709 -1,62739 0,155239 0,94908 -4,54467
hsa-miR-27a_st -2,08251 6,60642 -1,83862 0,116057 0,94908 -4,52719
hsa-miR-708_st -2,09384 4,1347 -0,97634 0,36694 0,94908 -4,59881
hsa-miR-146a_st -2,10943 9,790432 -1,1267 0,303288 0,94908 -4,58685

hsa-miR-21-star_st -2,28182  4,20414 -3,37078 0,015242 0,94908 -4,43104
hsa-miR-886-3p_st -2,32203 3,868368 -2,28088 0,063129 0,94908 -4,49342

hsa-let-7b_st -2,34635 9,877806 -1,59086 0,163205 0,94908 -4,54775
hsa-miR-148a_st -2,60258 4,725986 -1,55092 0,172358 0,94908 -4,55113
hsa-miR-221_st -2,81947  5,78796 -1,0042 0,354391 0,94908 -4,59665
hsa-miR-34a_st -3,14712 3,557925 -1,65758 0,14894 0,94908 -4,54214
hsa-miR-21_st -3,21691 4,197068 -3,41433 0,014451 0,94908 -4,42913
hsa-miR-222_st -3,85905 5,283139 -1,20921 0,272469 0,94908 -4,58005
hsa-miR-155_st -3,95284 10,24486 -2,566 0,042918 0,94908 -4,47421

Differentially expressed miRNAs detected comparing global miRNA expression profiles of vincristine sensitive

and resistant DLBCL cell lines.



Supplementary Table 5. Uni and multivariate cox regression analysis

miRNA uni.HR uni.conf uni.p multi.HR multi.conf  multi.p
238225_at miR-146a  0.92 (0.49;1.71) 0.792 (0.61;2.14) (0.61;2.14) 0.669
232504 _at miR-146a  0.69 (0.58;0.81)  0.000 (0.65;1) (0.65;1) 0.047
229437_at miR-155 0.75 (0.66;0.85) 0.000 (0.73;1.04) (0.73;1.04) 0.120
220990_s_at miR-21 0.74 (0.62;0.88) 0.001 (0.79;1.39) (0.79;1.39) 0.760
229417 _at miR-21 0.90 (0.55;1.46) 0.666 (0.54;1.42) (0.54;1.42) 0.591
235317_at miR-23a 0.98 (0.64;1.5)  0.932 (0.8;2.29) (0.8;2.29) 0.257
1555847_a_at | miR-23a 0.76 (0.59;0.97) 0.025 (0.61;1.23) (0.61;1.23) 0.418
235571_at miR-34a 0.54 (0.38;,0.77)  0.001 (0.44;1.02) (0.44;1.02) 0.064
1557342_a_at | hsa-let-7b  1.02 (0.57;1.84) 0.945 (0.46;1.51) (0.46;1.51) 0.549
241464 _s_at hsa-let-7b  0.73 (0.33;1.58) 0.422 (0.35;1.62) (0.35;1.62) 0.464
227488 _at miR-503 1.11 (0.62;1.98) 0.726  (0.57;1.93) (0.57;1.93) 0.875

Hazard ratio (HR), 95% confidence interval and p-value for uni- and multivariate Cox regression.



Supplementary Figures

Supplementary figure 1:

Predicted survival from various prognostic classifiers vs observed overall survival with the brier score (top
row) or time varying AUC (bottom row). Figures display means +- 2SD evaluated across the 10 cross-validation
repetitions. The prognostic classifiers include: multivariate Cox regression models using either age (CoxAge),
IPI (CoxIPI), miRNA expression (CoxMIR), or miRNA expression combined with IPI score (CoxMIRIPI), and

random survival forest models using miRNA expression (RSFMIR) or miRNA expression in combination with



IPI (RSFMIRIPI). ABC, activated B-cell-like; GCB, germinal center B-cell-like; IPI, international prognostic index;

MIR, microRNA panel; PFS, progression-free survival; RSF, random survival forest. Time in years.



Supplementary figure 2:

Predicted risk group vs 5-year overall survival in the combined GCB dataset. Risk scores were obtained by
taking the average predicted risk score across validation folds for the repeated cross-validation and diving

these into tertiles.



Supplementary figure 3:
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Predicted risk group vs 5-year overall survival in GCB classified patients within each dataset: IDRC, LLMPPR-
CHOP, and AAU. Risk scores were obtained by taking the average predicted risk score across validation folds

for the repeated cross-validation and diving these into tertiles.
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Supplementary figure 4:
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Correlation analysis between mature miRNA and miRNA encoding gene. In 15 DLBCL cell lines, the mature

miRNA expression levels were measured by GeneChip miRNA 1.0.2 arrays and the precursors measured by

Human Genome U133 Plus 2.0 arrays.

Supplementary figure 5:
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Correlation analysis between mature miRNA and miRNA encoding gene. In 15 DLBCL cell lines, the mature

miRNA expression levels were measured by ddPCR and the precursors measured by Human Genome U133

Plus 2.0 arrays.
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