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Statement of translational relevance

Our in vitro and in vivo preclinical studies recapitulate the important role of miR-155 in the
pathogenesis of Diffuse Large B-cell Lymphoma (DLBCL) and in particular of the most
aggressive and hard-to-treat non-Germinal Center B-cell subtype DLBCL also called activated
B-cell subtype of DLBCL (non-GC/ABC-DLBCL). Cobomarsen, an anti-miR-155 compound,
effectively inhibited proliferation and induced apoptosis in ABC-DLBCL cell lines with high
endogenous miR-155 expression and reduced tumor growth in xenografts. Most importantly,
administration of this compound in a DLBCL patient who was resistant to all previous
therapeutic regimens, provided new insights for the safety and therapeutic potential of
cobomarsen monotherapy for management of patients with refractory ABC-DLBCL.
Cobomarsen-based therapy could be extended not only to ABC-DLBCLSs but also to other types
of lymphomas characterized by high miR-155 expression, either as a single agent or in

combination with other therapeutic regimens.
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Abstract

Purpose: MicroRNA-155, is an oncogenic miRNA, highly expressed in B-cell malignancies,
particularly in the non-Germinal Center B-cell or activated B-cell subtype of Diffuse Large B-
cell Lymphoma (non-GCB/ABC-DLBCL), where it is considered a potential diagnostic and
prognostic biomarker. Thus, miR-155 inhibition represents an important therapeutic strategy for
B-cell lymphomas. In this study, we tested the efficacy and pharmacodynamic activity of an
oligonucleotide inhibitor of miR-155, cobomarsen, in ABC-DLBCL cell lines and in
corresponding xenograft mouse models. In addition, we assessed the therapeutic efficacy and
safety of cobomarsen in a patient diagnosed with aggressive ABC-DLBCL.

Experimental design: Pre-clinical studies included the delivery of cobomarsen to highly miR-
155 expressing ABC-DLBCL cell lines to assess any phenotypic changes as well as intravenous
injections of cobomarsen in NSG mice carrying ABC-DLBCL xenografts to study tumor growth
and pharmacodynamics of the compound over time. To begin to test its safety and therapeutic
efficacy, a patient was recruited who underwent five cycles of cobomarsen treatment.

Results: Cobomarsen decreased cell proliferation, and induced apoptosis in ABC-DLBCL cell
lines. Intravenous administration of cobomarsen in a xenograft NSG mouse model of ABC-
DLBCL reduced tumor volume, triggered apoptosis, and de-repressed direct miR-155 target
genes. Finally, the compound reduced and stabilized tumor growth without any toxic effects for
the patient.

Conclusions: Our findings support the potential therapeutic application of cobomarsen in ABC-

DLBCL and other types of lymphoma with elevated miR-155 expression.
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Introduction

DLBCL accounts for approximately 30-58% of all non-Hodgkin lymphomas (NHL). Based on
gene expression and immunohistochemical profiling within the B-cell lineage, there are two
main molecular subtypes, namely the Germinal Center B-cell (GCB) derived DLBCL and the
non-GCB or ABC type (1,2). The incidence of the latter type is approximately 40% of all
DLBCL cases with higher incidence in the elderly (3,4). More recent studies have explored the
genomic landscape of DLBCL by whole exome, targeted amplicons, and transcriptomic
sequencing to specifically identify combinations of genetic changes (5,6). Through an improved
distinction of different genomic subgroups of DLBCLs, these two groundbreaking studies have
enabled improved risk stratification before the patients receive the standard chemotherapy or
immunotherapy. Generally, ABC-DLBCL patients have a worse prognosis, usually owing to
higher expression of BCL2, BCL6 and MYC oncogenes (7-9). The standard treatment is a
cocktail of the chemotherapeutic drugs cyclophosphamide, doxorubicin, vincristine and
prednisone combined with rituximab monoclonal antibodies (R-CHOP), followed by radiation
therapy or surgery. A selective efficacy of R-CHOP in combination with ibrutinib or
lenalidomide has also been reported (10,11). Although chemotherapy prolongs the survival of
DLBCL patients, relapse and drug resistance are not uncommon and may occur in as many as
40% of patients (12). Particularly, the complete response (CR) rate in ABC-type DLBCL
patients to R-CHOP chemotherapy is only 30% while a higher CR rate of 70% is observed in

GC-type DLBCL patients (3,13).

MicroRNAs (miRNAs) are 20-22 nucleotide long non-coding RNAs, which inhibit the

translation of genes that participate in a variety of biological processes including differentiation,
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inflammation, immunity and tumorigenesis (14). Among known miRNAs involved in cancer,
increased miR-155 expression is crucial for B-cell lymphoma initiation and progression (15-17).
Thus, miR-155 has emerged as a diagnostic and prognostic marker as well as a therapeutic target
in B-cell malignancies including DLBCL (18,19). The primary transcript from which the mature
miR-155 is processed, the B-cell integration cluster (BIC), is also highly expressed in Hodgkin
(HL) and non-Hodgkin lymphomas (NHL) (20). In particular, the nuclear factor (NF)-xB binds
to the BIC promoter, and might induce miR-155 expression. Since NF-kB is constitutively
activated in ABC-DLBCL rather than in the GC subtype, this might explain higher miR-155
expression in ABC-DLBCL (21,22). Furthermore, high expression of miR-155 in E(mu)-mmu-
miR155 transgenic mice was sufficient to develop a lymphoproliferative disease that resembles
human acute lymphoblastic leukemia or high-grade lymphomas (23). MiR-155-expressing
lymphomas display features of oncogene addiction, epitomized in the doxycycline Tet-Off-based

mouse model miR-155-""T4 (24,25).

Several other in vitro and in vivo studies point to miR-155 as a bona fide pharmacological target
of miRNA-based therapy in lymphoma (18). In a recent study, inhibition of miR-155 using
cobomarsen in cutaneous T-cell lymphoma (CTCL) cell lines de-repressed miR-155 target genes,
decreased proliferation and induced apoptosis (26). Based in part on these results, cobomarsen is
being assessed in a phase Il clinical trial for the treatment of CTCL, mycosis fungoides subtype

(MF-CTCL), (https://clinicaltrials.gov/ct2/show/study/NCT03713320).

Over the years, it has become apparent that miR-155 may represent a therapeutic target

especially in the ABC-type DLBCL, where the estimated CR rate to conventional therapeutic
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management is still very low, underlining the importance of developing novel therapeutic
strategies (12). Given the role of miRNA deregulation in cancer and particularly of miR-155 in
DLBCLs, in the present study, we investigated the effect of cobomarsen in ABC-DLBCL cell
lines with high miR-155 expression (27). Additionally, in vivo efficacy of cobomarsen was tested

in xenografts and in a patient with aggressive DLBCL.

Materials and methods

Cells: ABC-type DLBCL cell lines, U2932, OCI-LY3 and RCK8 were purchased from DSMZ
and were grown in a RPMI1640 medium supplemented with 10% FBS without antibiotics and
kept in a 37C, 5% CO2 incubator. All cell lines were mycoplasma free tested with MycoAlert™
mycoplasma detection kit (LONZA). ABC-type DLBCL cell lines were chosen because of their

high miR-155 expression, compared to normal CD19+ B cells.

Oligonucleotide: Cobomarsen is a single-stranded, chemically-modified miR-155 targeting
oligonucleotide. Cobomarsen and its corresponding fluorescein isothiocyanate (FITC)
conjugated variant were synthesized and purified by miRagen Therapeutics (Boulder, CO, USA).
A Caenorhabditis elegans anti-miRNA that does not target any mammalian microRNA is used

throughout as control oligonucleotide (26).

Quantitative RT-PCR (qRT-PCR): Total RNA was isolated from 3x10° cells from each cell
line using Direct-zol RNA MiniPrep Plus kit (Zymo Research) according to manufacturer’s

instructions. We used commercially available Human B Cell (CD19+) total RNA isolated from
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highly purified human CD19+ B lymphocytes, derived from multiple healthy donors (Miltenyi
biotec Inc. Cat.n. 130-093-169). The integrity of RNA was routinely checked using 1% agarose
gel and RNA quantification was estimated with a DS-11 spectrophotometer (DeNovix).
Synthesis of cDNA was performed by retro-transcribing 1ug RNA with SuperScript® IV First-
Strand Synthesis System (Invitrogen) according the manufacturer’s instructions. For miR-155
detection, 1ug RNA was retro-transcribed with miScriptll RT kit (QIAGEN).

RNA extraction from mice xenografts was performed using the RNeasy Plus 96 Kit, (Qiagen, cat
# 74192) according to the manufacturer’s instructions. Nine upl of the isolated RNA were
subjected to reverse transcription using the High Capacity cDNA Reverse Transcription Kit,
(Applied Biosystems, cat# 4368813). Additional details of g-RT-PCR conditions can be found in

supplementary materials and methods.

Cobomarsen delivery verification: Two different concentrations, 2.5 and 10uM of FITC
conjugated cobomarsen were delivered without any transfection reagent into 5x10* U2932 cells
in a 12-well plate for 6 hours. Cobomarsen positive cells were detected by flow cytometry using
a Gallios flow analyzer (Beckman Coulter).

Visualization of the compound (2.5uM) in U2932 cells 48h post-delivery was performed with
Zeiss LSM 880 Confocal Microscope. Further details can be found in the supplementary

materials and methods.

MiR-155 luciferase reporter: To verify whether cobomarsen can suppress endogenous miR-155
activity, U2932, OCI-LY3 and RCKS8 cells were seeded one day before transfection with

psiCHECK-2 miR-155 biosensor at a concentration of 2x10° cells/well in triplicates in a 24-well
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plate. 20ng psiCHECK-2 miR-155 biosensor was transfected with DharmaFECT Duo
Transfection Reagent (Dharmacon), as previously described (25). Twenty-four hours post-
transfection, culture medium was carefully removed from each well and replenished with 1.5
ml/well of fresh medium containing 10uM cobomarsen or 10puM control oligonucleotide and in
the absence of any transfection reagent. Twenty-four hours later, the relative luminescence units
(RLU) of miR-155 luciferase activity was detected with Dual luciferase reporter assay (Promega)
and recorded with GloMax explorer instrument (Promega), according to the manufacturer’s
instructions. The experiment was repeated at least three times. Further details are in

supplementary materials and methods.

Cell Proliferation assay: Cobomarsen or oligonucleotide control transfected cells (2x10* per
well) were placed in triplicate, in a 96 opaque-walled flat well plates for cell culture to estimate
cell proliferation over time. At 48h,72h and 96h post-delivery of the compounds, 100ul of
CellTiter-Glo Reagent (Promega) was added in each well, according to the manufacturer’s
instructions. The experiment was repeated at least three times. Further details are described in the

supplementary materials and methods.

Apoptosis assay by AnnexinV/PI1 (propidium iodide): To study whether cobomarsen has any
effect on apoptosis in DLBCL cell lines with high levels of miR-155, 10uM control
oligonucleotide or cobomarsen was added directly to 2 ml of cell culture medium containing
5x10° U2932, OCI-LY3 and RCKS8 cells in a 6 well plate. The cell culture medium was
replenished with fresh medium containing the corresponding oligonucleotide at 48h to sustain

viability. After 96h, one million cells from each cell line were harvested, washed in PBS and
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stained for apoptosis according to APC Annexin V Apoptosis Detection with Pl Kit instructions
(BioLegend). Detection of the percentage of early apoptotic (only Annexin V positive), late
apoptotic (both Annexin V/PI positive), and necrotic cells (only PI) was performed using a
Gallios flow analyzer (Beckman Coulter). Data were analyzed with Kaluza for Gallios Software

(28). The experiment was repeated three times for each cell line.

DLBCL xenografts in mice: Five-to-six week old female NSG (NOD.Cg-Prkdc*®
112rg™"1'/SzJ, strain n. 005557) mice were purchased from The Jackson laboratory and were
maintained at the BIDMC mouse facility in accordance with the Institutional Animal Care and
Use Committee (IACUC) guidelines. Ten million U2932 cells were injected subcutaneously
(s.c.) on the left flank of 54 mice included in the tumor growth and pharmacodynamic studies.
After 9-12 days, when the tumor volume reached a range of 100-200 mm?®, the mice were
randomized into groups based on the mean of their tumor volumes and the standard deviation
between the groups. This was done to ensure an even distribution of tumor volumes on the first
day of treatment. Treatments were performed through intravenous injections (i.v.) in the tail
vein, using a 27-gauge syringe. For the tumor growth study, a total of 24 mice were divided into
four treatment groups (Table 1):

Group A contained 12 mice treated with 100ul of phosphate buffered saline (PBS). Group B
contained 12 mice treated with 100ul PBS containing 1mg/ml cobomarsen. To ensure that the
control oligo did not have any impact on the tumor growth, group C and D contained 3 mice
each treated respectively with 100ul PBS and 100ul PBS contained 1mg/ml cobomarsen. For the
pharmacodynamic study 24 mice were divided into four groups, 8 mice each treated with 100ul

PBS (group 1), 1mg/kg control oligo (group 2) and 1mg/kg cobomarsen (group 3) (Table 2).
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10

Tumor volume was measured with an electronic caliper at baseline and prior to each i.v.
injection. According to the IACUC guidelines, once the tumor volume in the control groups,
(PBS or control oligo groups) has reached 2000mm?®, all mice were euthanized. The number of
animals treated with Cobomarsen, control oligonucleotide or vehicle/PBS in studies assessing
tumor growth and pharmacodynamics effects can be found in Table 1 and 2, respectively. Tumor
volumes were calculated from digital caliper raw data by using the formula: Volume (mm3) =
(tumor length x tumor width?)/2 every two days. During the study, no animal distress or weight

lost was observed.

Detection of cobomarsen by S1 nuclease protection assay in the xenografts: Tumor tissue
samples were prepared at 100 mg/mL in 3M GITC buffer (3M guanidine-isothiocyanate, 0.5M
NaCl, 0.1M Tris, pH 7.5, and 10mM EDTA) by homogenizing with an MP FastPrep-24 tissue
homogenizer at a speed setting of 6.0, using two 30-second runs. Tissue homogenates and
plasma were diluted in 1M GITC Buffer for testing. Fully complementary 5’ biotinylated probes
with 3 FITC residues were synthesized and used to capture cobomarsen analyte using 96-well
streptavidin coated plates (Roche). Further details are described in the supplementary materials

and methods.

TUNEL assay: From the study assessing pharmacodynamic effects (Table 2), tumors were
obtained from three mice per group, at 96h post treatment with either PBS alone, 1mg/kg control
oligonucleotide or 1mg/kg cobomarsen. Tumor (tissue) slices were embedded in OCT in
cryomolds. Cryosections and TUNEL Chromogenic Apoptosis Detection, (kit purchased from

Genecopoeia), were performed by the Histology Core of Beth Israel Deaconess Medical Center
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11

(Boston, MA). The TUNEL positive area was quantified with ImageJ software. Phase-contrast
images were acquired with OLYMPUS BX51 microscope (software DP2-BSW) with 4x and 20x

objective. Supplementary information contains further details of the method.

Patient selection criteria: A patient was recruited as part of the clinical trial of safety,
tolerability and pharmacokinetics of cobomarsen in patients with MF-CTCL, DLBCL or ATCLL
(number NCT02580552), based on the following inclusion criteria: for patients with biopsy-
proven DLBCL who are intolerant to, or have disease that is relapsed/refractory after at least two
prior therapies, including any anti-CD20 monoclonal antibody and chemotherapy with curative
intent. The patient is a 61-year-old female with diabetes, low B12 and peripheral neuropathy who
was diagnosed when she presented with left tonsillar enlargement and the biopsy of her tonsillar
mass showed DLBCL. The cell of origin of the DLBCL was non-GCB/ABC subtype.

The investigators obtained written consent from the patient and the study was performed after
approval by institutional review boards of University of California, Irvine, USA. This study was
conducted in compliance with the International Conference on Harmonization (ICH) Good
Clinical Practice (GCP) Guidelines; United States (US) Code of Federal Regulations (CFR),
clinical studies (21 CFR § 50, 56, 312); the Declaration of Helsinki, and with ICH guidelines

regarding scientific integrity (E4, E8, E9, and E10).

Therapeutic regimens used for the patient: Prior to cobomarsen clinical trial enrollment, the
patient was treated with five regimens, as detailed in Table S1.
After the fifth line of treatment, the patient was enrolled in the cobomarsen study, according to

the inclusion and exclusion criteria for the clinical trial. The patient was administered 600mg 1V
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12

infusion of cobomarsen for 5 cycles, each cycle covered 28 days. Physical exams and injections
were performed in the same day, as follows: first cycle, six injections at days 1, 3, 5, 12, 19, 26;
second, third and fourth cycle, four injections/cycle scheduled at days 1, 8, 15, 22; fifth cycle,
three injections at days 1, 8, 15. The nodal tumor mass’ longest axis (in cm) measurements were
performed at the same indicated days with rulers, since repeated scans of the patient over time

were not possible.

Statistical analysis: For the in vivo experiments we performed a Power analysis to estimate the
group size of NSG mice in order to obtain statistically significant differences between the
cobomarsen treated and control groups. All statistical analyses were performed with PRISM7.
The statistical significance of the mean value of the tumor volumes in different time points
between the groups of mice was performed using 2-way Anova with Sidak's multiple
comparisons test.

Unpaired, two-tailed t-test analysis was performed for gene expression studies in vitro, and for

the TUNEL assay.

Results

Expression of miR-155 in ABC-DLBCL cell lines

Several studies have shown that miR-155 is generally highly expressed in ABC-DLBCL patients
in comparison to healthy controls (29-31). Therefore, we first assessed miR-155 expression in
three human ABC-DLBCL cell lines, U2932, OCI-LY3 and RCKS8, by qRT-PCR. As expected,

all three cell lines expressed high levels of miR-155 (Figure 1A), while the expression of three
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13

experimentally validated miR-155 target genes, HIVEP2, TP53INP1 and MAFB (25), was
significantly reduced (Figure 1B) compared to CD19+ B cells. Furthermore, we showed that
miR-155 expression was higher in the ABC- compared to three GC-DLBCL cell lines

(Supplementary Figure S1).

Cobomarsen delivery in DLBCL cell lines

To verify functional uptake of the compound, we first transfected cells with a miR-155
biosensor, a plasmid which contains a complementary sequence to the mature miR-155 inserted
downstream of the luc gene. This reporter results in suppression of luciferase expression when
the target sequence is bound by endogenous miR-155. Twenty-four hours following transfection
of cells with the miR-155 biosensor and after a careful removal of the supernatant, we treated the
cell cultures with 10uM of cobomarsen or a control oligonucleotide by adding the compounds
directly to the culture medium. Luciferase activity was measured 24h later. Inhibition of
endogenous miR-155 by cobomarsen will prevent the binding of miR-155 to the seed-region
within the biosensor, which will result in de-repression (increased expression) of the luciferase
reporter. As shown in Figure 2A, luciferase activity was significantly de-repressed by
cobomarsen in all cell lines compared to the control oligo treatment. These data demonstrate that
functional uptake and target engagement by passive delivery of cobomarsen in DLBCL cell lines
is efficient even in the presence of higher amounts of miR-155 in the OCI-LY3 and RCKS8 cell

lines.

Furthermore, to assess the dose-dependence and sequence specificity on miR-155 activity we

treated all three cell lines with three different concentrations of cobomarsen: 2.5 uM, 5 uM and
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10 uM and subsequently we examined the expression of four previously experimentally
validated miR-155 target genes, BACH1, INPP5D, TP53INP1 and HIVEP2 (25,32)
(Supplementary Figure S2). Our results showed that 10uM cobomarsen treatment of U2932 cell
line provided a higher fold change of de-repression of these miR-155 target genes, thus we
continued our experiments in U2932 cell line (Supplementary Figure S2A). To estimate the
cobomarsen uptake, U2932 cells were treated with 2.5uM and 10uM FITC conjugated
compound and analyzed by flow cytometry. As shown in Figure 2B, at 2.5uM and 10uM the
FITC MFI (mean fluorescence intensity) was higher compared to the untreated cells, within 6
hours, which is indicative that cells have started to take up the compound. Furthermore,
internalization of FITC conjugated compound could be obtained even at the lowest
concentration, (2.5uM) as seen at 48h post-delivery (Figure 2C). A higher magnification of
cobomarsen FITC positive cells clearly enabled us to visualize the compound in the cytoplasm
and excluded from the nucleus (Figure 2D). These results show that the compound can be
delivered and that it is active inside the cells since it can bind to its target and inhibit it from

acting on the complementary sequence of the miR-155 biosensor.

Phenotypic impact of Cobomarsen on proliferation and apoptosis in DLBCL cell lines

Several studies have shown that inhibition of miR-155 in lymphoma/leukemia and DLBCL
reduces cell proliferation and induces apoptosis (24,33). Therefore, we assessed cell proliferation
over time in cobomarsen treated ABC-DLBCL cell lines, in comparison with the control
oligonucleotide treated cells. Cells were treated with 10uM cobomarsen for 96h and the
luminescence values of metabolically viable cells were estimated at 48h, 72h and 96h (Figure

3A). There was a reduction of the luminescence signal, normalized to the control oligonucleotide
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treated cells, which is directly proportional to the reduction of cellular ATP levels, indicating a
decrease in cell proliferation. To examine whether the decrease in proliferation was due to
increased apoptosis, all three cell lines were treated with the same amount (10uM) of
cobomarsen. Indeed, cobomarsen triggered a significant induction of late apoptosis in all cell
lines at 96h post-treatment (Figure 3B). In U2932 and OCI-LY3 cells, treatment with the control
oligonucleotide also induced a marginal increase of late apoptotic cells, compared to the
untreated cell line. However, the magnitude of effect and the significance of the increased
apoptosis were greater with cobomarsen treatment in all cell lines. Collectively, these data
demonstrate that inhibition of miR-155 with cobomarsen results in decreased proliferation and

increased apoptosis of DLBCL cells.

Cobomarsen inhibits tumor growth in vivo

To determine whether cobomarsen can impact tumor growth in vivo, we established xenografts
of DLBCL cells expressing high levels of miR-155. While miR-155 expression was elevated in
three DLBCL cell lines (Figure 1A), higher expression was observed in OCI-LY3 and RCK8
cells. We selected U2932 for xenograft experiments because RCK8 cells did not engraft in mice
and OCI-LY3 cells grew too quickly to assess the effect of miR-155 inhibition on tumor growth.
Most importantly, we observed that miR-155 target gene de-repression was more pronounced in
U2932 cell line treated with cobomarsen, compared with the other two cell lines, (Supplementary
figure S2 and S3). Twelve mice each in group A and B, as well as three mice each in group C
and D, were i.v. inoculated according to the details described in Table 1 and on days 0, 2, 4 and 7
following enrollment into the study, as shown in the experimental timeline (Figure 4A). Tumor

volume was measured three days after the last dose or until the tumor volume reached 2000
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mm?3, until mice were euthanized. Intravenous administration of 1mg/kg cobomarsen reduced
tumor growth in group B compared to group A control mice treated with PBS, most significantly
at day 7 (**p=0.0019) and day 10 (****p <0.0001) (Figure 4B). In contrast, there was no impact
of the control oligo on tumor volume (group D) in comparison with PBS only treated group C
mice (Figure 4C). Both cobomarsen and the control oligonucleotide were well-tolerated and no

adverse events were observed.

Cobomarsen de-represses miR-155 target gene expression in vivo and in vitro

To understand the molecular mechanisms that underlie the reduction of tumor growth by
cobomarsen, we assessed whether miR-155 target genes were de-repressed after cobomarsen
treatment. The experimental timeline of cobomarsen treated xenografts used to assess
pharmacodynamic effects of cobomarsen is shown in figure 5A. Mice were inoculated with ten
million U2932 cells in the right flank. Mice received two intravenous injections of either PBS
alone (vehicle), 1mg/kg cobomarsen or 1mg/kg control oligonucleotide on days 0 and 2
following enrollment into the study. Before commencement of the treatment, we ensured that the
tumor volume average and standard deviation were similar among the three groups. Tumor tissue
was harvested 24 hours after the last dose and either processed to evaluate miR-155 target gene
expression or embedded for cryosections to perform the TUNEL assay. The TUNEL assay
showed that there are more apoptotic cells (dark brown staining) in the tumor tissues of
cobomarsen treated mice, compared to the PBS and control oligonucleotide groups (Figure 5B).
Furthermore, the distribution of cobomarsen to all 8 xenografts was successfully detected using a

hybridization assay (Figure 5C).

Downloaded from clincancerres.aacrjournals.org on December 13, 2020. © 2020 American Association for Cancer
Research.


http://clincancerres.aacrjournals.org/

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

Author Manuscript Published OnlineFirst on November 18, 2020; DOI: 10.1158/1078-0432.CCR-20-3139
Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.

17

A panel of twelve experimentally validated miR-155 target genes, was investigated by gPCR
(Figure 5D): MAFB, SH3PXD2A, SOCS1 (34), CUX1, WEE1, BACH1, INPP5D, HIVEP2,
TP53INP1 (25,35), JARID, PICALM (26), CSFR1(36). Upon cobomarsen treatment, there was a
significant de-repression of miR-155 target genes, such as Cut Like Homeobox 1 (CUX1)
(number 3), (SH3 And PX Domains 2A) SH3PXD2A, (number 7) Suppressor Of Cytokine
Signaling 1 (SOCS1) (number 8) and WEE1 G2 Checkpoint Kinase (WEE1) (number 10),
between the PBS treated mice comparing to the control oligonucleotide and to the cobomarsen
treated group of mice (Figure 5D).

Next, we investigated if the de-repression of miR-155 targets observed in cobomarsen treated
mice can be recapitulated in three DLBCL cell lines. Two target genes, namely WEE1 and
CUX1, were consistently de-repressed in both mice and in cell lines (Figure 5D and 5E). The rest
of the genes were variably de-repressed in the two systems (Figure 5D and Supplementary
Figure S3). For instance, while SOCS1 and SH3PXD2A were significantly de-repressed in
cobomarsen-treated mice, their expression did not change in the three DLBCL cell lines. The
expression of CUX1 was significantly altered in U2932 and OCI-LY3 but not in RCK8 (Figure

5E).

Cobomarsen as monotherapy

The patient was enrolled immediately (as she had progressive disease) in the clinical trial of
cobomarsen (https://clinicaltrials.gov/ct2/show/NCT02580552). The details of patient’s prior
treatment history and outcome is shown in the Supplementary Material and Methods section. At
this time, a radiographic evaluation showed that the patient had developed adenopathy in the

right cervical, right parotid, right external iliac and right inguinal areas. On day three of the trial,
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the patient noted that immediately after the first IV injection (600mg) her right neck mass rapidly
increased then decreased in size on the same day. At cycle 1, day three physical examination of
her right neck node measured 3.5 cm and her right inguinal node measured 3.0 cm, (Figure 6).
By cycle two, day one, the right neck node was no longer palpable, however the right inguinal
area was noted to be swollen to 6.0 cm without a definite palpable mass. Two weeks later, on
cycle 2, day 15, the right neck remained not palpable and the right inguinal mass had decreased
to 2.0 cm. The right inguinal mass continued to decrease until cycle 2, day 27, when there were
no palpable nodes found during the physical exam. By cycle 3, day 14, a right supraclavicular
node was palpable and measured 1.5 cm. On protocol-mandated computerized tomography (CT)
scanning, the patient had progressive disease (PD) because of a new right paratracheal node of
1.4 cm, but all other nodes were stable. A right neck fine needle aspiration documented the
presence of DLBCL, and at the end of treatment the patient developed her first elevated lactate
dehydrogenase (LDH) and increasing lymphadenopathy in the left inguinal and left
supraclavicular nodes. The patient was discontinued from the cobomarsen clinical trial after 21
total doses of cobomarsen through 5 cycles, as noted in the clinical database (miRagen trial
number: MRG106-11-101 and NCT02580552). The reason for discontinuation was documented
as early termination due to disease progression, according to the clinical trial criteria.

Subsequent to trial participation, the patient had rapidly progressive disease and received one
dose of bendamustine in combination with rituximab. The patient then received CAR-T
(chimeric antigen receptor T-cell) therapy with an initial radiographic complete response but
progressive disease three months after CAR-T infusion. The patient received ibrutinib in
combination with rituximab for three months with progressive disease and is currently

experiencing a partial response after four doses of polatuzumab in combination with rituximab.
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She was then treated with polatuzumab achieving a partial response after cycle 4 but progressive
disease after cycle 6. The patient has been offered hospice services. As seen by the patient’s
rapid course after discontinuation of cobomarsen, cobomarsen appeared to reduce the size of

sometimes bulky adenopathy demonstrably on physical examination, and stabilize the disease.

Discussion

OncomiR-155 expression is highly induced in B-cell lymphoproliferative disorders and in
DLBCL, especially in the ABC subtype and it is considered a biomarker for these malignancies
(32,37,38). Nevertheless, miRNA-based therapies for cancer treatment are challenging, due to
their unfavorable physicochemical properties that may prevent their cellular uptake and
distribution in various tissues. Furthermore, miRNA-based therapies may be unstable in plasma
and tissues due to the presence of nucleases and endosomal sequestration (18,39,40). To
overcome these issues, chemical modifications of RNAs have been incorporated into anti-
mMiRNAs that target oncogenic miRNAs or miRNA mimics that represent tumor suppressive
MiRNAs to enhance delivery and distribution in the tumor tissue (24) (41) (42). Because of the
improvements in delivery approaches and stability of miRNA compounds, clinical trials with
such compounds to treat cancer could certainly pave the way for better therapeutic options (43).
One of the first promising anti-miR-155 oligonucleotides for therapeutic purpose was an 8-mer
locked nucleic acid (LNA) anti-miR-155, delivered systemically in a xenograft mouse model of
Waldenstrom macroglobulinemia that decreased tumor growth (34). However, this
oligonucleotide has not yet entered into clinical trials. In our study, we assessed cobomarsen, an
LNA-based anti-miR-155 compound, in DLBCL, which is now being assessed in a Phase 1l

clinical trial for the treatment of CTCL (https://clinicaltrials.gov/ct2/show/study/NCT03713320).
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We introduced cobomarsen into human ABC-DLBCL cell lines (with high miR-155 expression),
without the assistance of any delivery agent. The anti-miR-155 compound reduced proliferation
and induced apoptosis in vitro. In addition, the compound reduced tumor growth of U2932 cell
line engraftments in NSG mice. These phenotypic effects were associated with de-repression of

miR-155 target genes, both in vitro and in vivo.

Very little is known about how miR-155 influences WEE1 and CUX1 in human DLBCL cell
lines (34,44). Interestingly, a previous study from our group by Cheng et al., showed that CUX1
and WEE1 mRNAs were among miR-155 predicted targets (25). In the same study, it was shown

5-SHTA mice when

that CUX1 expression is de-repressed after withdrawal of miR-155 in mir-15
treated with doxycycline. Our results are consistent with the observations by Cheng et al. CUX1
is an evolutionarily conserved transcription factor with two isoforms with diverse functions.
Indeed, it acts as a tumor suppressor gene in myeloid neoplasms by regulating cell cycle genes,
but its altered expression may also lead to tumor progression (45). Our study demonstrates that

there is an induction of cell death upon delivery of cobomarsen in vitro and in vivo. Further

investigation is needed to specifically implicate CUXL1 in the reduction of tumor growth.

WEEL1, a G2/M checkpoint tyrosine kinase, catalyzes the inhibitory tyrosine phosphorylation of
CDC2/cyclin B kinase. This in turn inhibits mitosis in cells that have damaged genomes and may
induce DNA repair or result in cell death (46). Tili et al. have shown that increased expression of
miR-155 in breast cancer cell lines induced the proliferation rate by targeting WEEL transcripts
(35). Inhibition of miR-155 with an antisense oligonucleotide in primary B cells of Ep-miR-155

transgenic mice and in breast cancer cell lines released WEE1 expression and caused a block in
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G2/M transition. In DLBCLs, we find a significant de-repression of WEE1 upon cobomarsen
delivery. This is consistent with a tumor suppressive role of the WEEL gene and confirms the
oncogenic nature of miR-155. However, further experiments are needed to conclusively

demonstrate the direct tumor suppressive role of WEEL in DLBCL.

As mentioned previously, cobomarsen is currently being tested in a first-in-human phase 1l
clinical trial in patients with MF-CTCL, https://clinicaltrials.gov/ct2/show/study/NCT03713320.
In addition, a study showed that cobomarsen had anti-proliferative, pro-apoptotic effects in MF
and human lymphotropic virus type 1 (HTLV-1+) CTCL cell lines in vitro (26). Another phase |
clinical trial (https://clinicaltrials.gov/ct2/show/NCT02580552) is currently evaluating
cobomarsen-treated ATLL, CLL patients. We have begun to assess the safety and therapeutic
utility of cobomarsen, particularly for a relapsing case of ABC-DLBCL. A patient affected by
ABC-DLBCL previously treated with chemotherapeutic regimens but relapsing, was enrolled for
cobomarsen treatment. In contrast with other therapeutic strategies, cobomarsen treatment
resulted in a significant decrease of tumor nodes with apparently no side-effects. To our
knowledge, this is the first miRNA-based therapy that had beneficial outcome for the patient
with no toxicity. This level of disease stabilization with minimal toxicity is uncommon for an
investigational agent in the face of a very aggressive B-cell lymphoma. Clearly, these findings
need to be confirmed in more patients in the future clinical trial to better evaluate

pharmacodynamics and safety of cobomarsen therapy against hard-to treat lymphomas.

Several reports suggest that miR-155 is deregulated in virus infected lymphomas like Burkitt

lymphoma (BL). It is known that Epstein-Barr virus (EBV) alters cellular miRNA expression in
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B lymphomas (47) (48) (49) (50) (51) (52). Other viruses like HHV-8 and Marek’s disease virus
(MDV) have a viral miRNA homologue of miR-155 with identical seed sequence (53). This
suggests that deregulation of either cellular miR-155 or its viral miRNA orthologues is important
for virus associated lymphomas (54). Our study could extend the therapeutic potential of

cobomarsen for such lymphomas as well.

In conclusion, more effective therapies are urgently needed to cure refractory or relapsed
DLBCL. Our preclinical studies support the use of cobomarsen for the treatment of patients with
DLBCL with high miR-155, for the therapeutic management of DLBCL patients. The results
observed in one only patient here, might provide impetus for the continuation and extension of
cobomarsen-based therapy not only for ABC-DLBCLs but other lymphomas with high miR-155

expression.
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Table 1: Tumor xenograft growth study

Number of Miragen Route of

: 0se o Schedule®
mice/group compounds administration

Group®

day 0,2,4and 7
following
enrollment into

group

day 0,2,4and 7

_ following
B 12 1mg/kg  Cobomarsen LV. enrollment into

group

day 0, 2,4 and 7

_ following
C 3 100ul PBS LV. enrollment into

group

day 0, 2,4 and 7
_ following
V. enrollment into

group

A 12 100ul PBS V.

Control

D 3 1makg g jigonucleotide

2 Five-to-six week old female NSG (NOD.Cg-Prkdc®™™ 112rg™"/SzJ, strain n. 005557) mice
were divided in four groups: A and B contained 12 mice each that were injected intravenously

(i.v.), in the tail vein, with 100ul of the vehicle PBS (phosphate buffered saline) or with 1mg/kg
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cobomarsen, respectively. Group A served as control for group B. The C and D groups contained

3 mice each, injected i.v. either with 100ul PBS alone or 100ul PBS containing 1mg/kg of the

control oligonucleotide, respectively. Group C served as control for group D. PFor the tumor

growth study the time points of i.v. injections were scheduled as described in the table.

Table 2: Pharmacodynamic study

a2 Number of

Rl mice/group RS
1 8 100l
2 8 1 mg/kg
3 8 1 mg/kg

Miragen Route of
compounds administration

PBS i.v.
control
oligonucleotid AY2
e
cobomarsen i.v.

Schedule®

Injection at 0 and 48
hours post enrollment

Injection at 0 and 48
hours post enrollment

Injection at 0 and 48
hours post enrollment

2 Five-to-six-week-old female NSG (NOD.Cg-Prkdc™ 112rg™"/SzJ, strain n. 005557) mice

were divided in three groups: 1, 2 and 3 containing 8 mice each. All mice were injected

intravenously (i.v.) in the tail vein, with 100ul of the vehicle PBS, the second with 100 pl of

1mg/kg control oligonucleotide in PBS and the third with 100 pl of 1mg/kg of Cobomarsen in

PBS.

® For the pharmacodynamic study all the injections were performed at the beginning of the study,

indicated as 0 and at 48 hours post enroliment.
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Figure legends

Figure 1: High expression of miR-155 in DLBCL cell lines and correlation with target gene
expression

A. The fold change of miR-155 expression in three ABC-type DLBCL cell lines was
assessed by gRT-PCR. MiR-155 fold change was compared to CD19 B+ isolated from healthy
donors and normalized to RNUG6 housekeeping gene. Statistical analysis was performed with
unpaired, two tailed t test ****p<0.0001. Fold change represent the average (+ standard
deviation, SD) of three independent experiments, each performed in technical triplicates.

B. The fold change of miR-155 target genes, HIVEP2, TP53INP1 and MAFB expression
was assessed by gRT-PCR: The fold change expression of each target gene in each cell line
was compared to the one of CD19 B+ cells and was normalized to GAPDH. Unpaired, two tailed
t test was applied: ****p<0.0001. Fold change represent the average (+ standard deviation, SD)

of three independent experiments, each performed in technical triplicates.
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Figure 2: Unassisted delivery of cobomarsen in ABC-DLBCL cell lines

A. Reduction in endogenous miR-155 activity by cobomarsen: Luciferase activity was
measured 24 hours after treatment with Cobomarsen or control oligonucleotide. Each treatment
was performed in triplicates and the experiment was repeated three times. Relative luminescence
units (RLU) indicate the ratio of Renilla luciferase (hRIluc) expression normalized against firefly
luciferase (fluc), (hRluc/fluc), of the miR-155 biosensor. The control oligo and Cobomarsen
treated cell lines were compared. Unpaired, two tailed t test was applied as a mean value for each
experiment repeated three times and in triplicates. The calculated p values between control oligo
treated versus cobomarsen treated cell line are: U2932:**p<0.01, OCI-LY3:****p<0.0001,
RCK8:***p<0.001.

B. cobomarsen uptake in recipient lymphoma cells: Two different concentrations (2.5uM,
10uM) of FITC conjugated cobomarsen were directly added in the culture of U2932 cell line.
Histograms show the mean fluorescence intensity (MFI) at both concentrations comparing to the
cobomarsen untreated cells, at six hours post-delivery. MFI was measured by flow cytometer and
the data were analyzed by Kaluza for Gallios Software.

C and D. Subcellular localization of cobomarsen: C. Confocal microscopy images of 2.5uM
FITCH conjugated cobomarsen in U2932 cell line at 48h post-delivery. D. A higher
magnification (20x) demonstrates cobomarsen as green fluorescent dot next to the nucleus, blue
colored, with 4',6-diamidino-2-phenylindole (DAPI). Confocal images were acquired using 20x

and 10x objectives with the Zeiss LSM 880 confocal microscope.

Figure 3: Proliferation and apoptosis in DLBCL cell lines upon cobomarsen treatment
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A. The proliferation graphs indicate luminescence (RLU) measurements as a ratio of
cobomarsen/control oligonucleotide RLU at 48h, 72h and 96h post-delivery of 10uM
cobomarsen or 10uM control oligonucleotide. The experiment was performed three times and in
triplicates. Unpaired, two tailed t test was applied to calculate the statistical significance of the
difference between the average of RLU ratio measurements at 72h and 96 h compared to
corresponding average of RLU at 48h . *p<0.05, **p<0.01.

B. Annexin V/PI measurement of late apoptotic cells (double stained for Annexin V and PI) 96
hours following treatment with 10uM cobomarsen. For each cell line the % of late apoptotic
cells, upon treatment was compared with the % of untreated cells, by setting the same threshold.
One out of three representative experiments is shown. The histograms for each cell line, at the
right side of the figure, show the mean values from three independent apoptosis assays,
comparing the % of untreated, control oligonucleotide and cobomarsen treated cells. U2932,
*p<0.05, **p<0.01, ****p<0.0001. OCY-LY3, *p<0.05, **p<0.01, ***p<0.001. RCKS,
**n<0.01, ***p<0.001. Statistical analysis was performed with unpaired, two tailed t test.

Kaluza for Gallios Software was used for analysis.

Figure 4: Effect of cobomarsen on tumor growth in vivo

A. Timeline of in vivo inoculations of cobomarsen and control oligonucleotide: The tumors
began to grow 9-12 days after injection. Mice were enrolled in the study when the tumor volume
reached a range of 150-200mm?®. Subsequently, 12 mice were injected intravenously with 100yl
PBS and 12mice with Img/kg cobomarsen. In parallel, 3 mice were injected with 100ul PBS and

3 mice with 1mg/kg of a control oligonucleotide on days 0, 2, 4 and 7 post-enrollment. 72 hours
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after the last dose, mice were euthanized. All tumor volume measurements were taken before the
injections.

B. Tumor growth: The mean value of the calculated volumes (mm?®) of the xenografts at the
indicated time points, in 12 mice treated with 1mg/kg cobomarsen in comparison with the mean
of the calculated volumes in 12 mice treated with 100ul PBS, show a significant reduction in
time, at the 7" day and at the 10" day, of 12 mice **p<0.01, ****p <0.0001

C. Tumor growth: The mean value of the calculated volumes (mm?) of the xenografts and in the
indicated time points show no difference between the groups of 3 mice treated with 100ul PBS
comparing with the group of 3 mice treated with 1mg/ml control oligo.

The statistical significance of the mean value of the tumor volumes in different time points
between the groups of mice was performed using 2-way Anova with Sidak's multiple

comparisons test.

Figure 5: cobomarsen de-represses miR-155 target gene expression in vivo and in vitro

A. Timeline of cobomarsen treated xenografts used to assess pharmacodynamic effects:
Mice were randomly enrolled into groups when tumors reached a volume of 150-200mm?® (N=8
for each of 3 groups; PBS, control oligonucleotide and cobomarsen). Mice were injected
intravenously with either PBS, 1mg/kg control oligonucleotide or 1mg/kg cobomarsen at 0 and
48 hours post-enrollment. 24 hours after the last dose, mice were sacrificed and tumor tissue was
harvested.

B. cobomarsen induces tumor apoptosis: Detection of apoptotic cells in mice tumor tissues

24 hours following the final dose of PBS, control oligonucleotide or cobomarsen. Three

representative photos of mouse tumor tissue cryosections processed with the TUNEL
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chromogenic apoptotic assay. Chromogen 3,3’-Diaminobenzidine (DAB) staining reveals the
brown spots which indicate apoptotic cells. The analysis was performed for a total of 4-10 fields
per tumor. The results are reported as Arbitrary Unit (AU) and represent an average value from 3
mice per treatment (PBS, 1 mg/kg-control oligonucleotide, 1mg/kg cobomarsen). Statistical
analysis was performed with unpaired, two tailed t test. **p<0.01 for cobomarsen vs. PBS, and
for cobomarsen vs. control oligo.

C. Drug distribution in tumor tissue: Quantification of cobomarsen in the tumors from treated
mice (n=8), represented by black dots, using S1 nuclease protection assay.

D. gRT-PCR analysis of miR-155 target gene expression in cobomarsen treated xenografts:
Mice were euthanized, and tumors were harvested 24 hours after the last injection with either
PBS, control oligonucleotide or cobomarsen. RNA was extracted from tumors and the expression
of direct miR-155 target genes was evaluated by gRT-PCR. Two-way ANOVA, Tukey’s
multiple comparison test, between the mean values of miR-155 target gene expression per
treatment from group of mice treated with PBS versus oligonucleotide control
treated,****p<0.0001 and between the group of mice treated with oligonucleotide versus
cobomarsen treated ***p<0.001. N=8 mice per group.

E. miR-155 target genes are de-repressed in cobomarsen treated DLBCL cell lines: gRT-
PCR analysis of miR-155 target genes, CUX1 and WEEl upon treatment with 10uM
cobomarsen, at 96h in U2932, OCI-LY3 and RCK8 DLBCLs. (for U2932 CUX1: ****p<0.0001
and WEE1 ***p<0.001, **p<0.01. For OCI-LY3 CUX1: ***p<0.001 and WEE1: **p<0.01. For
RCK8 CUX1, n.s.: p=0.1851 and WEEL: *p<0.05. P values were calculated with unpaired, two

tailed t test. The experiment was performed in triplicates and repeated at least two times.
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Figure 6: Patient’s lymph node (LN) measurements over time, during the cobomarsen
treatment.

The longest axis of right (R) cervical lymph nodes (LN), R inguinal LN and left (L) inguinal LN
was measured with a ruler after palpable medical examinations of the tumor mass. The size of
the tumor mass in cm was assessed at the indicated days for each of the 5 cycles. Cobomarsen IV
injections (600mg/injection) were performed at the same day as the physical exams and
measurements (1% cycle: 6 injections. 2", 3 and 4™ cycle: 4 injections/cycle and 5™ cycle: 3
injections). LN measurements were performed during physical examination, at the days indicated
in the graph: for R Cervical LN the measurements were started at cycle 1, day 1, while for R
inguinal LN measurements were started at cycle 1, day 3. L inguinal LN was noted during the

cycle 3 on the 22th day.
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