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Abstract

Background and purpose

PARP inhibitors have been shown to increase the efficacy of radiotherapy in preclinical

models. Radioimmunotherapy results in selective radiation cytotoxicity of targeted tumour

cells. Here we investigate the combined effect of anti-CD37 β-emitting 177Lu-NNV003 radio-

immunotherapy and the PARP inhibitor olaparib, and gene expression profiles in CD37 posi-

tive non-Hodgkin’s lymphoma cell lines.

Materials and methods

The combined effect of 177Lu-NNV003 and olaparib was studied in seven cell lines using a

fixed-ratio ray design, and combination index was calculated for each combination concen-

tration. mRNA was extracted before and after treatment with the drug combination. After

RNA-sequencing, hierarchical clustering was performed on basal gene expression profiles

and on differentially expressed genes after combination treatment from baseline. Functional

gene annotation analysis of significant differentially expressed genes after combination

treatment was performed to identify enriched biological processes.

Results

The combination of olaparib and 177Lu-NNV003 was synergistic in four of seven cell lines,

antagonistic in one and both synergistic and antagonistic (conditionally synergistic) in two,

depending on the concentration ratio between olaparib and 177Lu-NNV003. Cells treated

with the combination significantly overexpressed genes in the TP53 signalling pathway.
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However, cluster analysis did not identify gene clusters that correlate with the sensitivity of

cells to single agent or combination treatment.

Conclusion

The cytotoxic effect of the combination of the PARP inhibitor olaparib and the β-emitting

radioimmunoconjugate 177Lu-NNV003 was synergistic in the majority of tested lymphoma

cell lines.

Introduction

Non-Hodgkin’s Lymphoma (NHL) is the most common haematological malignancy and is

classified into different histologic subtypes [1]. Among the aggressive NHLs diffuse large B-cell

lymphoma (DLBCL) can be subdivided into activated B-cell (ABC) and germinal centre

(GCB) DLBCL based on either immunostaining or gene expression profiling [1]. Mantle cell

lymphoma (MCL) is a distinct and more uncommon NHL [1]. NHL occurs as a consequence

of genetic alterations occurring during the error prone process of B-cell differentiation and

maturation. The resulting lymphomas often have deficiencies in DNA damage response

(DDR) pathways linked to mutations in ATM, PTEN and TP53 tumour suppressor genes [2–

4]. Malignant cells utilise compensatory DNA repair strategies to prevent catastrophic DNA

damage. Targeting these complementary DNA repair pathways results in dysfunction of both

DNA repair pathways, inducing synthetic lethality [5, 6].

Olaparib inhibits the DNA repair enzymes poly (ADP ribose) polymerase 1 and 2 (PARP1

and PARP2), which are activated in response to DNA single strand breaks (SSB) [7]. Conse-

quently, the PARPs are unable to recruit DNA repair proteins and are trapped at the SSB site

causing stalling and collapse of the DNA replication fork which results in cytotoxic double

strand breaks (DSB) [8]. Olaparib has been approved by the FDA for BRCAmutated ovarian

and breast cancer. The BRCAmutation causes impairment of DNA DSB repair, making the

cells harbouring this mutation sensitive to olaparib. Olaparib has also been shown to be effec-

tive in preclinical models of MCL harbouring ATMmutation [9], which is present in 41–56%

of MCL and 13–20% of DLBCL patients [10–12], and also impairs the DSB repair pathway.

The PARP inhibitor veliparib has shown clinical activity in NHL in combination with the

alkylating agent bendamustine and the anti-CD20 antibody rituximab [13].

Radiation induces cytotoxic DNA lesions in form of SSB or DSB, where the latter is more

lethal. Combination of radiation with PARP inhibition results in the transformation of the

induced SSBs to DSBs, increasing the cytotoxic effect of the treatments. Several preclinical

studies have shown that PARP inhibitors sensitise tumour cells to radiation [14–24] and com-

bine synergistically with antibody-drug conjugates [25]. The combination of the anti-EGFR

antibody cetuximab, olaparib and radiation has been studied in patients with head and neck

squamous cell carcinoma [26] and there are currently several phase 1 studies ongoing investi-

gating olaparib in combination with radiotherapy in patients with glioblastoma, lung cancer,

breast cancer and head and neck squamous cell carcinoma [27–29].

Radioimmunotherapy (RIT) delivers targeted radiation that induces DNA damage, priming

malignant cells for apoptosis with limited toxicity to normal tissue. We have developed a next

generation RIT, 177Lu-NNV003, for treatment of B-cell malignancies. It consists of a chimeric

mouse-human anti-CD37 antibody (NNV003), conjugated with p-SCN-Bn-DOTA (DOTA)

that chelates the ß-emitting radionuclide lutetium-177 [30]. The murine version of 177Lu-
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NNV003; 177Lu-lilotomab satetraxetan, is currently in clinical testing for treatment of

relapsed/refractory follicular lymphoma (NCT01796171) and DLBCL (NCT02658968).

In the present study, we aimed to determine the in vitro cytotoxicity and phenotypic out-

comes of combining 177Lu-NNV003 with olaparib in DLBCL and MCL cell lines.

Materials and methods

Labelling and quality control of antibodies with 177Lu

NNV003 (IgG1, mouse variable regions, κ, and human constant region, κ) was conjugated

with p-SCN-Bn-DOTA (Macrocyclics, USA) and labelled with 177Lu as previously described

[30]. Briefly, the pH of DOTA-NNV003 was adjusted to 5.4 using 0.25 M ammonium acetate

buffer and 177Lu in 10 mM HCl (ITG, Germany) was added to obtain specific activity of

approximately 550 MBq/mg. The sample was incubated for 30 min at 37˚C and then diluted in

a solution of 0.3% Tween 20 (VWR, USA) and 20% Glycerol (Merck KGaA, Germany). Radio-

chemical purity above 95% was verified by instant thin layer chromatography (Tec-Control

ITLC strips, Biodex Medical, USA) and the immunoreactivity was verified using a modified

Lindmo model [31] using a standardised setup with one cell concentration of 75 x106 Ramos

cells/ml.

Cell lines

The MCL cell lines REC-1 and GRANTA-519, the GCB-DLBCL cell lines DOHH-2, SU-DHL-

4, and WSU-DLCL-2, the ABC-DLBCL cell lines U-2932 and OCI-LY-10 and the Acute Lym-

phocytic Leukemia (ALL) cell line REH were used in this study. REC-1, DOHH-2, SU-DHL-4,

WSU-DLCL-2, REH and U-2932 were cultured in RPMI medium, GRANTA-519 was cultured

in DMEM medium and OCI-LY-10 was cultured in IMDM medium. The media were supple-

mented with 15% (OCI-LY-10) or 10% (all others) heat inactivated foetal bovine serum and

1% penicillin/streptomycin (media and supplement from Thermo Fisher Scientific, USA). All

cell lines were provided by University Medical Center Groningen (Netherlands), except

OCI-LY-10, which was kindly provided by Institute of Oncology Research (Switzerland) and

REH which was acquired from ATCC (LGC Standards, Wesel, Germany). Cell lines were kept

in exponential growth by cell subculturing every 3–4 days and all in vitro studies were started

on day 3 after cell subculturing.

CD37 expression

CD37 expression of all cell lines was investigated using fluorescently labeled anti-CD37 anti-

body NNV003 and Flow Cytometry (FC). The aim of the study was to explore if CD37 expres-

sion co-varied with sensitivity to 177Lu-NNV003 or the combination outcomes of the different

cell lines used.

NNV003 was labeled with Alexa Fluor 647 (AF-647) using the Alexa Fluor 647 Protein

Labeling Kit (Thermo Fisher, A20173) following the manufacturer’s protocol.

1 ml of cell suspension was transferred to 5 ml FC tubes, washed once and resuspended in

50 μl of PBS + 0,5% Bovine Serum Albumin (BSA) (VWR Chemicals, 421501J). Cells were

then incubated with 10 μg/ml NNV003-AF647 during 30 min at 4˚C. In order to assess non-

specific binding cells pre-incubated with 1 mg/ml NNV003 for 30 min at 4˚C were used. Auto-

fluorescence was evaluated by measuring untreated cells (blanks). After incubation with

NNV003-AF647 cells were washed once more to remove unbound antibody and resuspended

in 0.7–0.8 ml of PBS + 0,5% BSA.
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Samples were acquired using Guava easyCyte 12HT (Merck Millipore) using a 642nm

wavelength laser and the fluorescence emitted was detected at 661nm using a 15nm bandpass

filter. The gain of the detector was set so that the peak intensity from the blank samples was

placed in the first decade of the logarithmic scale. In addition, SS and FS signals were detected.

The collected data was analyzed using GuavaSoft InCyte (Merck Millipore). Gating on the

FS-SS dot-plot was used to select the cell population of interest and further gating on the SS

Width against SS Area dot plot was used to select single cells. Mean Fluorescence Intensity

(MFI) of all samples was obtained, and further calculations were done in Microsoft Excel.

The REH cell line was used as negative control. MFI from all cell lines was divided by the

MFI of the negative control to assess Relative MFI. The experiment was repeated a total of 2

times and the results are presented as Average ± Standard Deviation of both experiments. One

way ANOVA with multiple comparisons (Fisher LSD test) with a threshold of p<0.05 was

used to compare the relative MFI of the cell lines.

Sensitivity to single agents

Olaparib (Selleck Chemicals USA) was dissolved in DMSO, aliquoted and stored at -20˚C.

Cells were seeded in 96-deep-well plates at concentrations of 2 mill/ml for OCI-LY-10,

GRANTA-519 and U-2932 and 8 mill/ml for REC-1, DOHH-2, SU-DHL-4 and

WSU-DLCL-2. Using a digital drug dispenser (D300e, TECAN, Switzerland), 1.3 nM–

316 μM of olaparib or 0.09 ng/ml– 88.5 μg/ml (50 Bq/ml– 50 MBq/ml) of 177Lu-NNV003

was randomly added to the wells (total cell suspension volume of 100 μl) in triplicates. The

cells were incubated for 20–24 h while shaking at 37˚C and 5% CO2. The cells were diluted

200x in cell culture medium to decrease the amount of 177Lu-NNV003 in the medium and

the wells containing olaparib were refilled to maintain the initial drug concentration. 50 μl

of the diluted cell suspension was transferred to 384-well-plates for further growth for 3

days, after which they were added 50 μl of RealTime-Glo™ MT Cell Viability Assay (Pro-

mega, USA). Luminescence, proportional to the number of viable cells, was measured after

1 hour, 24 hours and 48 hours (days 3, 4 and 5 after treatment initiation) using a Spark

microplate reader (TECAN, Switzerland). Relative viability was calculated by dividing the

luminescence values from treated cells by luminescence from non-treated cells. The relative

viability was plotted against drug concentration and sigmoidal curve fitting (four-parameter

logistic curves) was performed in GraphPad Prism 8.00 (GraphPad Software, USA). IC50,

area under the curve (AUC) and point viabilities [32] were used to estimate sensitivity to

the drugs. The point viabilities for olaparib were measured at 21.6 μM, corresponding to the

maximum achievable clinical plasma concentration at recommended monotherapy dose

[33]. The point viabilities for 177Lu-NNV003 were measured at 250 ng/ml, which is close to

the average IC50 for the drug across the cell lines. Results are presented as Mean ± Standard

Deviation from 2 to 5 independent experiments.

Combination study

A fixed-ratio ray design [34] was used to study the effect of combining 177Lu-NNV003 with

olaparib. Briefly, the two drugs were mixed together at a constant ratio (Z) following Eq 1.

Each combination Z is defined by a fraction, f, between 0 and 1, where f equal to 0 or 1 corre-

sponds to only olaparib or 177Lu-NNV003, respectively. Three combinations were made using

f = 0.25, 0.5 and 0.75. To obtain a dose response curve of the combinations, 9 concentrations

of Z were used by multiplying Eq 1 with factors ranging between 0.003 and 150 depending on

cell line. See S1 Table for concentrations used in the experiment. The experimental procedure
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was the same as previously described for evaluation of sensitivity to single agents.

Z ¼ f � 177 LuNNV003 IC50 þ 1 � fð Þ � olaparibIC50 ð1Þ

The order and timing of the administration of the treatments was based in a pilot study

using GRANTA-519 cells where it was tested whether adding olaparib four hours before, 24

hours after or simultaneously with 177Lu-NNV003 had any effect on the combination out-

come. The experimental procedure was the same as previously described.

Analysis of ray design

The relative cell survival was calculated by dividing the luminescence values of treated cells by

the luminescence values of non-treated cells. 1 minus this ratio was taken to represent the pro-

portion of killed cells. The bottom asymptote of the dose response curve was fixed to 0 and the

top asymptote was set to be less than or equal to 1. Sigmoid curves (3-parameter logistic

curves) were fitted for each ray, with the assumption that the variability about the fitted curve

would be similar for all rays, allowing the use of a global model [34]. The variance was depen-

dent on the response, so to account for this effect the variance was modelled for each dose

using Eq 2

var ¼ c2 � responsep ð2Þ

where the response is the proportion of cells killed at that dose, and c and p are parameters

from the global model. The curve fitting was done using SAS/STAT 14.1 software in SAS Ver-

sion 9.4, in particular PROC NLMIXED. Combination indices (CInd) were calculated per con-

centration using a model based on different maximum effects of the drugs, and unequal Hill

slopes of the dose response curves [35], derived by Grabovsky and Tallarida [36]. CInd for

concentrations leading to 0% cell death were regarded as not relevant and excluded from the

analysis. A point was considered significantly synergistic or antagonistic if the 95% confidence

interval of the CInd was below or above 1, respectively. If the CInd was below 0.85 or above

1.15 and the 95% confidence included 1, the point was considered non-significantly synergistic

or antagonistic. Points were considered additive between 0.85 and 1.15, and if the 95% confi-

dence interval was within this range, it was considered significant. Some dose response curves

could not be well fitted and therefore the CInd could not be calculated and these points are

presented as missing data. Results are presented for each independent experiment (N = 1–2)

or as average ± SD of all statistically significant CInds for each day.

Gene expression analysis

The cells were treated for 24 hours with the combination of the drugs at concentrations corre-

sponding to their monotherapy (see S1 Table for treatment concentrations). The cells includ-

ing untreated controls were washed and total RNA isolated using RNeasy mini kit (Qiagen©,

Germany) following the manufacturers’ protocol.

RNA integrity was verified using 2100 Bioanalyzer (Agilent Technologies Inc., CA, USA)

and adjusted to an acceptable concentration. Libraries were generated from the RNA using

Illumina stranded mRNA kit (Illumina Inc., CA, USA) and sequenced on an Illumina Next-

Seq500 system (Illumina Inc., CA, USA) using 75 bp single reads. Obtained reads were aligned

against the reference human genome (UCSC hg19) using STARalign v2.5.0.

Genes that were expressed at very low levels were excluded from the analysis by a cut-off of

10 normalised reads, applied to the sum of gene expression at baseline and in the respective

treated samples. This reduced the gene list data from 23,269 genes to 6,054 genes (S4 Fig).
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The resulting 6,054 genes were log2-transformed and genes with a standard deviation larger

than 1 of the baseline expressions in the 7 cell lines were included for further analysis, which

resulted in 559 genes that were then min-max normalised to scale the entire dataset to a 0 to 1

range.

Hierarchical cluster analysis on the baseline genes was performed on the scaled data using

Morpheus software (broadinstitute.org). For this analysis, Euclidean distance and complete

linkage were used to compute the distance between clusters. This analysis was used to visualise

the correlation of clusters to cell line histology subtypes, drug sensitivity and drug combination

outcome.

Differential gene expression between the untreated cell lines and the corresponding combi-

nation treated samples was analysed using Cufflinks and Cuffdiff v2.2.1. To identify genes that

were significantly up- or down- regulated after treatment with the combination of 177Lu-

NNV003 and olaparib, a threshold was set on the log2 fold change (FC) >0.5 or <-0.5 and p

<0.05 compared to baseline (S4 Fig).

Functional and pathway enrichment analysis was done using the web-based functional

annotation tool: DAVID 6.8 (david.ncifcrf.gov) [37]. TheHomo sapiens genome was selected

as the background and the differentially expressed genes mapped against it. Gene Ontology

(GO) biological process terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) path-

way with p<0.05, count�2 and FDR< 1% were considered to be statistically significant. The

GO terms were matched against the outcome of drug combinations to identify their correla-

tion and contribution towards the assigned synergy score.

Gene mutation analysis

To identify mutations in expressed genes related to DNA damage repair, mutation calling was

done using Isaac Variant Caller version 2.3.13–31 c98c29-dirty and hg19 reference. Variant

calls passing all quality requirements were annotated using VEP Ensembl GRCh37 release 98.

Results

CD37 expression

Binding of NNV03 to the seven different cell lines was measured so as to assess CD37 surface

expression. DOHH2 and GRANTA-519 showed the lowest CD37 expression (p<0.05 for

DOHH2 vs. all cell lines except GRANTA-519; p<0.05 for GRANTA-519 vs. Rec-1, U2932

and WSU-DLCL2, Fig 1). The remaining five cell lines (SUDHL-4, OCI-LY-10, WSU-DLCL2,

U2932 and REC-1) showed between 70 to 100 times higher binding intensity than the negative

control REH (a pre-B-cell Acute Lymphoblastic Leukemia cell line) but differences were not

statistically significant. S1 and S2 Figs show representative gating and histograms used for the

CD37 expression analysis respectively.

Single-agent sensitivity

To determine the sensitivity of the cell lines to 177Lu-NNV003 and olaparib IC50s, AUCs and

individual viabilities were calculated (Fig 2 and S1 Table). The three viability estimates were in

accordance and showed that the cell lines had diverse response to the single-agent treatments.

To better see a trend in the responses of cell lines, the data from the three measurements were

normalised from most sensitive to least sensitive and plotted on a scale. The MCL cell line

GRANTA-519 was the most sensitive cell line for both drugs, whereas the other MCL cell line

REC-1 (Fig 2C and 2D) was the least sensitive. For treatment with olaparib, only REC-1 was

determined as resistant with around 50% viability at the maximum achievable plasma
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Fig 1. CD37 expression in seven cell lines measured by flow cytometry. Mean Fluorescence Intensitiy (MFI) of

Mantle Cell Lymphoma cell lines (GRANTA-519 and REC-1) and DLBCL cell lines (DOHH-2, OCI-LY-10, SU-DHL-

4, U-2932 and WSU-DLCL-2) relative to MFI of the Acute Lymphocytic Leukemia cell line REH used as negative

control. Results were obtained from Flowcytometry measurements using NNV003 labeled to AlexaFlour 647 to

measure CD37 expression. Cell suspensions were incubated with 10 μg/ml NNV003-AF647 for 30 min at 4˚C. Cells

were analysed on a Guava easyCyte 12HT flowcytometer (Merck Millipore) using GuavaSoft InCyte (Merck Millipore)

for data acquisition. Data is presented as Mean ± SD, N = 2.

https://doi.org/10.1371/journal.pone.0267543.g001

Fig 2. Single agent sensitivity of lymphoma cell lines to 177Lu-NNV003 and olaparib. Sensitivity of Mantle Cell

Lymphoma cell lines (GRANTA-519 and REC-1) and DLBCL cell lines (DOHH-2, OCI-LY-10, SU-DHL-4, U-2932

and WSU-DLCL-2) to (A) 177Lu-NNV003 and (B) olaparib as single agents, as measured at day 5. The plots in (A) and

(B) are derived from their respective dose-response curves and show: half maximal inhibitory concentration (IC50)

(left panel), Area under the dose-response curve (AUC) (middle panel) and the individual cell viabilities (point

viabilities, measured at 21.6 μM olaparib or 250 ng/ml 177Lu-NNV003) (right panel) as different parameters for

sensitivity assessment. Data points represent results from independent experiments (N = 2–5), lines show the mean

and error bars the SD. The data from (A) and (B) were normalised from 1 (most sensitive) to 0 (least sensitive),

averaged and plotted on a scale as shown in (C) and (D).

https://doi.org/10.1371/journal.pone.0267543.g002
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concentration of the drug. All the cell lines were classified as sensitive to 177Lu-NNV003 because

the IC50s were below 8 μg/ml which has been reported in a previous study to be the concentra-

tion conferring resistance to 177Lu-lilotomab, the murine version of 177Lu-NNV003 [38].

Combination of 177Lu-NNV003 and olaparib

In the pilot study performed with GRANTA-519 cells, negligible differences between the dif-

ferent schedules of administration were observed. A slight tendency towards better effect by

adding olaparib at the same time or prior to 177Lu-NNV003 was observed (S3 Fig) and there-

fore simultaneous administration was chosen for all combination studies.

To estimate the effect of the combined treatment of 177Lu-NNV003 and olaparib, CInd

(Combination Index) were calculated for three different ratios of the drugs (f = 0.25, 0.5, 0.75,

Eq 1). The dose response curves of the rays in each cell line are presented in S5 and S6 Figs.

The CInd for the combination of olaparib with 177Lu-NNV003 varied across cell lines, rays,

days of measurement and concentrations of the combination. The trend for each cell line is

summarised in Fig 3. The combined effect of olaparib and 177Lu-NNV003 was synergistic in

four out of the seven tested cell lines: GRANTA-519, OCI-LY-10, U-2932 and WSU-DLCL-2.

In REC-1 and SU-DHL-4 the combination was both synergistic, at lower concentrations

(REC-1) or for two of the rays (SU-DHL-4), and antagonistic, at higher concentrations (REC-

1) or for one ray (SU-DHL-4). The average CInd for each day is presented in Fig 4, to classify

the cell lines to an overall combination outcome. The average CInd of the combination in

REC-1 and SU-DHL-4 was close to 1 (Fig 4). The combination in these cell lines was found to

Fig 3. Heat map of Combination Indexes (CInd) calculated using Ray Design Analysis. Heat map showing

Combination Indexes (CInd) calculated using the Ray Design Analysis based on the outcomes of the combination

treatment with olaparib and 177Lu-NNV003 in Mantle Cell Lymphoma cell lines (GRANTA-519 and REC-1) and

DLBCL cell lines (DOHH-2, OCI-LY-10, SU-DHL-4, U-2932 and WSU-DLCL-2) for all used rays. Results are

presented for days 3, 4 and 5 after treatment initiation. A data point was considered significantly synergistic or

antagonistic if the 95% confidence interval of the CInd was below or above 1, respectively. If the CInd was below 0.85

or above 1.15 and the 95% confidence included 1, the point was considered non-significantly synergistic or

antagonistic. Points were considered additive between 0.85 and 1.15, and if the 95% confidence interval was within this

range, it was considered significant. White square = data missing or non-relevant. The numbers in the squares indicate

the calculated CInds where statistical significance was observed. Results presented for each independent experiment

N = 1–2.

https://doi.org/10.1371/journal.pone.0267543.g003
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be both synergistic and antagonistic and were defined as conditionally synergistic in this

study. The two experiments performed with the cell line DOHH-2 gave varying results in

CInd. The asymptote of the dose response curve of 177Lu-NNV003 alone was not well defined

in these experiments (S6 Fig), giving rise to a large error in the IC50 estimates. However, there

is a trend of antagonism at lower concentrations and when the relative fraction of olaparib is

high. At day 5, the combination tends towards synergism and additivity at higher relative frac-

tions of 177Lu-NNV003. The combination treatment was therefore classified as antagonistic in

this cell line (Fig 4).

Correlation of baseline gene expression and histology, drug sensitivity,

CD37 expression and combination outcomes

To investigate if the baseline gene expression of the seven cell lines correlated with the

outcome of the combination treatment, we performed unsupervised hierarchical cluster

analysis of the 559 genes that showed differential expression between the non-treated cell

lines (Fig 5). The similar heights of the different nodes indicated that none of the cell lines

were more closely related to any of the others. OCI-LY-10 and REC-1 cells showed the

most similar expression patterns. The cluster groups did not reflect the NHL subtype his-

tology of the cell lines, drug sensitivity, CD37 expression or the combination outcome

(Fig 5).

Differential gene expression after combination treatment

To identify the influence of gene expression on the outcome of the combination treatment,

we compared baseline expression to gene expression after combination treatment to high-

light the differentially expressed genes. The hypothesis was that these genes could provide

further insight into the difference observed in the combination outcome of the different cell

lines. In total, 397 genes across the cell lines were identified as differentially expressed genes

Fig 4. Average Combination Indexes (CInd) for all cell lines measured 3, 4 and 5 days after treatment initiation.

Average ± SD of statistically significant Combination Indexes calculated using the Ray Design Analysis based on the

outcomes of the combination treatments with olaparib and 177Lu-NNV003 in Mantle Cell Lymphoma cell lines

(GRANTA-519 and REC-1) and DLBCL cell lines (DOHH-2, OCI-LY-10, SU-DHL-4, U-2932 and WSU-DLCL-2).

Results are presented for days 3, 4 and 5 after treatment initiation. CInds> 1 indicates synergism, CInds< 1 indicates

antagonism and CInd = 1 indicates an additive combination outcome.

https://doi.org/10.1371/journal.pone.0267543.g004
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24 hours after combination treatment following the aforementioned criteria. Among them

188 genes were upregulated and 209 genes were downregulated (S2 Table). The majority of

the differentially expressed genes in DOHH-2 and GRANTA-519 cells were upregulated,

while the majority were downregulated in WSU-DLCL-2 and SU-DHL-4 (S2 Table). Cluster

analysis of the differentially expressed genes did not identify gene clusters that correlate

with the sensitivity to single agent treatment, CD37 expression or the combination out-

comes (Fig 6).

Fig 5. Hierarchical clustering of baseline gene expression. Unsupervised hierarchical clustering of 559 genes

showing differential expression between the non-treated cell lines. The cluster groups did not reflect the NHL subtype

histology of the cell lines, drug sensitivity, CD37 expression or the combination outcome. Clustering colour key

indicates the intensity of normalised gene expression values.

https://doi.org/10.1371/journal.pone.0267543.g005
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Fig 6. Hierarchical clustering of differentially expressed genes. Hierarchical clustering of normalised differentially expressed

genes in cell lines treated with the combination of 177Lu-NNV003 and olaparib. There was no correlation of changes in gene

expression to the combination outcome, sensitivity to single agent treatment or CD37 expression.

https://doi.org/10.1371/journal.pone.0267543.g006
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Functional and pathway enrichment of differentially expressed genes after

treatment with the combination

Although the unsupervised clustering of differentially expressed genes did not identify gene

clusters that correlate with the combination outcome (Fig 6), we further investigated func-

tional annotations of the differentially expressed genes to see if they could explain the observed

outcomes of the combination treatment in the different cell lines. Functional gene annotation

of the upregulated and downregulated genes identified genes that were predominantly associ-

ated with enriched GO biological processes and KEGG pathways for each cell line.

Upregulated genes in DOHH-2, GRANTA-519 and OCI-LY-10 cells were commonly asso-

ciated with p53 mediated DNA damage response and intrinsic apoptotic signalling, all signifi-

cantly enriched in the p53 signalling pathway (Table 1). The genes: CDKN1A, DDB2 and

SESN1 had the highest log2 fold change of 1.5, 1.1 and 1.1 respectively (S3 Table) in

GRANTA-519 cells whileMDM2 had the highest log2 fold change of 1.0 in DOHH-2 cells. Of

the three cell lines, OCI-LY-10 had the lowest fold change in these genes. CDKN1A encodes a

cyclin-dependent kinase inhibitor which functions as a regulator of cell cycle progression,

mediating the p53-dependent cell cycle G1 phase arrest, apoptosis and DNA repair in response

to DNA damage [39].

DDB2 encodes a damage specific DNA binding protein that participates in nucleotide excision

repair of DNA [40]. However, under distinct conditions,DDB2 upregulation could increase the

susceptibility of cells to detrimental genome stability [41].MDM2 is a proto-oncogene commonly

Table 1. Enriched pathways in upregulated genes.

Cell line Term Biological process Upregulated ‘hit’ genes p value

DOHH-2 GO:0006977 DNA damage response, signal transduction by p53 class mediator

resulting in cell cycle arrest

CDKN1A, E2F7, MDM2, ZNF385A, ATM 0.00006

GO:0006974 Cellular response to DNA damage stimulus CDKN1A, ZMAT3, ATM RPS27L, HERC2, ZNF385A 0.00069

GO:0002040 Sprouting angiogenesis NOTCH1, E2F7, RNF213 0.00323

GO:0043065 Positive regulation of apoptotic process ARHGEF3, NOTCH1, ATM ZMAT3, PRKDC,

PHLDA3

0.00345

GO:0042771 Intrinsic apoptotic signalling pathway in response to DNA damage

by p53 class mediator

CDKN1A, RPS27L, PHLDA3 0.00494

hsa04115 p53 signalling pathway CDKN1A, ZMAT3, DDB2, MDM2, SESN1, ATM 0.000003

GRANTA-

519

GO:0006977 DNA damage response, signal transduction by p53 class mediator

resulting in cell cycle arrest

TRIAP1, CDKN1A, BTG2, E2F7, BAX, MDM2,

GADD45A

0.00000

GO:0042771 Intrinsic apoptotic signalling pathway in response to DNA damage

by p53 class mediator

CDKN1A, AEN, RPS27L, PHLDA3 0.00013

GO:0043065 Positive regulation of apoptotic process ARHGEF3, NOTCH1, ZMAT3, BAX, ID3, GADD45A,

PHLDA3

0.00039

hsa04115 p53 signalling pathway PPM1D, CDKN1A, BBC3, ZMAT3, BAX, DDB2,

MDM2, SESN1, GADD45A

0.00000

OCI-LY-10 GO:0006977 DNA damage response, signal transduction by p53 class mediator

resulting in cell cycle arrest

CDKN1A, BAX, MDM2, ZNF385A 0.000038

GO:0006974 Cellular response to DNA damage stimulus CDKN1A, BBC3, ZMAT3, RPS27L, ZNF385A 0.000061

GO:0072332 Intrinsic apoptotic signalling pathway by p53 class mediator ZMAT3, BAX, EDA2R 0.000375

GO:0097193 Intrinsic apoptotic signalling pathway CDKN1A, BBC3, BAX 0.000464

hsa04115 p53 signalling pathway CDKN1A, BBC3, ZMAT3, BAX, DDB2, MDM2, SESN1 0.00000

U-2932 GO:0007010 Cytoskeleton organisation TUBB2B, TUBB2A, TUBA1A, TUBB4A 0.00075

hsa04540 Gap junction TUBB2B, TUBB2A, TUBA1A, TUBB4A 0.00041

Top 5 GO and KEGG pathways significantly enriched in upregulated genes for each cell line after treatment with the combination of 177Lu-NNV003 and olaparib.

https://doi.org/10.1371/journal.pone.0267543.t001
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overexpressed in tumour cells. It inhibits p53 mediated cell cycle arrest and apoptosis [42].

SESN1, also highly differentially expressed in GRANTA-519, encodes a protein that mediates

p53-dependent inhibition of cell growth by activating AMP-activated protein kinase on detection

of radiation induced DNA damage and oxidative stress causing regeneration of antioxidant pro-

teins [43].

Genes upregulated in U-2932 cells were shown to be involved in cytoskeleton organisation

and enriched in the gap junction KEGG pathway (Table 1). Genes upregulated in REC-1,

SU-DHL-4 and WSU-DLCL-2 cells were not significantly enriched in any GO terms or KEGG

pathway.

Downregulated genes in DOHH-2 and SU-DHL-4 cells were commonly associated with

the cell division process and the cell cycle pathway, while those in WSU-DLCL-2 cells were

enriched in the canonical glycolysis process and the central carbon metabolism in cancer

KEGG pathway (Table 2). Genes downregulated in GRANTA-519, OCI-LY-10, REC-1 and U-

2932 cells were not significantly enriched in any GO terms or KEGG pathway.

Downregulated genes: PSRC1, PLK1, KIF20A, CDC20,HILPDA and FAM83D, were signifi-

cantly enriched in the KEGG pathway ‘cell cycle’ and were expressed in DOHH-2, SU-DHL-4

and WSU-DLCL-2 cells. These genes are involved in mitotic cell cycle progression by mediat-

ing amongst other microtubule bundle formation [44–46].

Mutation of genes related to DNA damage repair

Mutations in genes related to DNA damage repair might explain the difference in single agent

sensitivity and the combination outcomes observed. The mRNA sequencing data was used to

Table 2. Enriched pathways in downregulated genes.

Cell line Term Biological process Downregulated ‘hit’ genes p value

DOHH-2 GO:0051301 Cell division CCNB1, FAM83D, CDCA8, CCNB2, NEK2, PSRC1, BUB1, TPX2,

CDCA2, AURKA, CDC20, PTTG1, UBE2C, CDCA3

0.0000

GO:0007067 Mitotic nuclear division FAM83D, CCNB2, PLK1, NEK2, BUB1, TPX2, CDCA2, AURKA,

CDC20, PTTG1, CDCA3

0.0000

GO:0000086 G2/M transition of mitotic cell cycle CCNB1, CCNB2, PLK1, NEK2, TPX2, AURKA, HMMR 0.0000

GO:0031145 Anaphase-promoting complex-dependent catabolic

process

CCNB1, PLK1, AURKA, CDC20, PTTG1, UBE2C 0.0000

GO:0042787 Protein ubiquitination involved in ubiquitin-

dependent protein catabolic process

CCNB1, PLK1, AURKA, CDC20, PTTG1, UBE2C 0.0000

hsa04114 Oocyte meiosis CCNB1, CCNB2, PLK1, BUB1, AURKA, CDC20, PTTG1 0.0000

hsa04110 Cell cycle CCNB1, CCNB2, PLK1, BUB1, CDC20, PTTG1 0.0000

hsa04914 Progesterone-mediated oocyte maturation CCNB1, CCNB2, PLK1, BUB1 0.0002

SU-DHL-4 GO:1904668 Positive regulation of ubiquitin protein ligase

activity

PLK1, CDC20, UBE2C, UBE2S 0.0000

GO:0051301 Cell division CCNB1, FAM83D, PSRC1, KIF18B, CDC20, UBE2C, UBE2S, REEP4,

CDCA3

0.0000

GO:0051439 Regulation of ubiquitin-protein ligase activity

involved in mitotic cell cycle

CCNB1, PLK1, CDC20, UBE2C 0.0001

GO:0000281 Mitotic cytokinesis KIF23, CENPA, PLK1, KIF20A 0.0001

GO:0031145 Anaphase-promoting complex-dependent catabolic

process

CCNB1, PLK1, CDC20, UBE2C, UBE2S 0.0001

WSU-DLCL-

2

GO:0061621 Canonical glycolysis PFKFB4, PFKFB3, ALDOC, HK2 0.0003

hsa05230 Central carbon metabolism in cancer SLC16A3, PDK1, SLC2A1, HK2, MYC 0.0008

Top 5 GO and KEGG pathways significantly enriched in downregulated genes for each cell line after treatment with the combination of 177Lu-NNV003 and olaparib.

https://doi.org/10.1371/journal.pone.0267543.t002
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check for mutations in relevant genes (S4 Table) [47–49]. TP53 was mutated in two cell lines;

in REC-1, a nonsense mutation at position p.Q317� that created a stop codon

(COSM1709728) and a G>A change in p.G245 that caused a glycine to aspartic acid change.

In U-2932, a cysteine was changed with a tyrosine in position p.C176Y in TP53. In GRANTA-

519, a mutation in position p.R2832C of ATM (COSM1351027) caused an arginine to cysteine

change. RAD51C was mutated in DOHH-2, where the amino acid proline was replaced by a

glutamine in position p.P127Q, which is expected to affect the protein function or structure.

There was not found any relation between mutated genes and mRNA levels (S4 Table). S5

Table shows a summary of the mutations found in each cell-line.

Discussion

We have shown that the combination of the β emitting anti-CD37 RIT 177Lu-NNV003 and the

PARP inhibitor olaparib was robustly synergistic in four of seven NHL cell lines, conditionally

synergistic in two and antagonistic in one. The outcome of the combination was dependent on

the ratio of the two drugs, the concentration of the mixture, and the time of measurement.

Cluster analysis of differentially expressed genes did not identify gene clusters that correlate

with the sensitivity to single agent treatment, CD37 expression or the combination outcomes.

A summary of the methods used and results found is presented in Fig 7.

The dependence of combination outcome on the day of measurement demonstrates the

importance of optimising the schedule for combination treatments. In addition, our study sug-

gests that it is paramount to attain a suitable drug combination ratio and combination doses so

as to obtain a synergistic combination outcome.

Studies have shown that olaparib can sensitise cells to radiation therapy [14, 22, 24]. Indeed,

ongoing phase 1 clinical trials on the combination of olaparib and radiotherapy have different

drug scheduling protocols where olaparib treatment is started some days or weeks before, or

the same day as the radiotherapy treatment [26–29]. This would have to be tested in clinical

settings with RIT, however, particularly because of the lower dose-rate of RIT than of radio-

therapy. The aforementioned clinical trials have the same dose regimen; the radiotherapy dose

Fig 7. Summary of methods and results. Summary of treatments and methods used, and results obtained from the current study on the effects of combining 177Lu-

NNV003 and olaparib in vitro. The radioimmunoconjugate 177Lu-NNV003 was combined with the PARP inhibitor olaparib using different concentrations of the agents in

seven different cell lines (2 Mantle Cell Lymphoma and 5 DLBL cell lines). A ray design with five rays (2 rays with single agents and 3 rays with a combination of different

concentrations of each agent) was selected for the study. Cell viability after treatment was measured and combination indexes for each data point measured were

calculated. RNAseq and differential gene expression analysis was performed for all cell lines. Cluster analysis did not identify any specific gene sets with expression profiles

that correlated with single agent treatment or combination outcome.

https://doi.org/10.1371/journal.pone.0267543.g007
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is kept constant while the olaparib dose is escalated to obtain the maximum tolerated dose

[26–29]. Our cell line findings indicate that the optimal combination outcome is not always at

the highest drug concentrations. Hence, it might be that drug doses lower than the maximum

tolerated dose should be investigated in an early clinical trial setting.

Radiation absorbed dose delivered from 177Lu-NNV003 to the cells in vitro is a function of

self-irradiation absorbed dose from cell-bound activity in each individual cell, cross-irradia-

tion absorbed dose from cell-bound activity to neighbouring cells and non-specific activity

from the cell medium. Many variables can affect the absorbed dose of a given cell in a colony

in vitro: sub-cellular and intra-cellular radiopharmaceutical distribution, cell spatial distribu-

tion, cell and nucleus size, clustering of cells, log-normal distribution of number of antigens

etc. which makes cellular microdosimetry a challenge [50, 51]. In the current experimental set-

up the highest absorbed dose was delivered during the 20–24 h incubation time with 177Lu-

NNV003 where both the cells and the radioimmunoconjugate (RIC) were highly concentrated.

After incubation, the cell suspensions were diluted 200 times with the aim of removing

unbound 177Lu-NNV003. This generates a new dynamic equilibrium of bound-unbound RIC

which results in a reduced amount of cell-bound RIC. In a study using Ramos cells incubated

with 177Lu-lilotomab (the murine version of 177Lu-NNV003) Marcatili et al. [51] showed that

the greatest contribution to the cell absorbed dose was due to cross-irradiation and non-spe-

cific irradiation even when the contribution of these two doses was limited to the incubation

period of 18 h while the self-irradiation contribution included also the period after removal of

the RIC from the medium and re-seeding of cells (up to 6 days). The experimental set-up used

in the studies by Marcatili et al. was similar to the one described in this paper and therefore

similar conclusions should apply. Although we expect slightly different radiation absorbed

doses in cells measured at different timepoints, we assumed these differences to be negligible

compared to the total radiation absorbed dose during the incubation period. Rough estima-

tions of absorbed doses can be performed by assuming homogenous distribution of the RIC

within the cell medium and mean energy of the β-particles, Auger- and conversion electrons

of 0.1473 MeV [52]. The range of estimated absorbed doses during incubation time ranged

from 0.11 mGy (lowest activity concentration used in all studies, corresponding to the lowest

concentration in OCI-LY-10 cell line) to 93 Gy (highest activity concentration used in all stud-

ies, corresponding to the highest concentration in SUD-HL-4 cell line). Calculated absorbed

doses after 200 times dilution of cell suspension and up to Day 3 represented around 1% of the

absorbed doses during incubation, while changes in absorbed doses between Days 3, 4 and 5

represented around 0.5% (S6 Table). In addition, absorbed doses up to Day 3, 4 and 5 differed

by approximately 0.2%. We therefore assume that differences in the combination outcome

observed at the different timepoints are mainly related to the time-lapse of the molecular

response of the cells to the radiation damage (most of which takes place during the incubation

time with RIC) and how this molecular response interacts with the continued availability of

olaparib in the cell suspension.

CDKN1A, DDB2 and SESN1 had the highest log2 fold change of 1.5, 1.1 and 1.1 respectively

(S3 Table) in GRANTA-519 cells whileMDM2 had the highest log2 fold change of 1.0 in

DOHH-2 cells. Of the three cell lines, OCI-LY-10 had the lowest fold change in these genes.

CDKN1A encodes a cyclin-dependent kinase inhibitor which functions as a regulator of cell

cycle progression, mediating the p53-dependent cell cycle G1 phase arrest, apoptosis and DNA

repair in response to DNA damage.

Changes in gene expression in response to drug combination were different in the 7 cell

lines which might explain the difference in the combination outcome.

The induction inMDM2 expression in DOHH-2 possibly overcame the effects of the other

co-upregulated genes, CDKN1A, DDB2 and SESN1, making the cells continuously proliferate
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and thereby possibly explaining the antagonistic outcome of the combination in this cell line.

Additionally, ATM was upregulated in this cell line that might have provided these cells with

an alternative DDR strategy. However, ATM activation was not evaluated.

Pronounced upregulation of CDKN1A in the cell lines that responded synergistically to the

drug combination could be as a consequence of its role as a tumour suppressor gene, increasing

DNA damage induced apoptosis in these cells. Upregulation of the same gene in DOHH-2 cells

can be explained by the reports on the conflicting role played by CDKN1A, as an oncogene, pro-

tecting cells against DNA damage-induced cell death. Either role is primarily dependent on the

TP53 status of the cells but also dependent on the cytotoxic stimuli and cell type [39, 53, 54].

Downregulated genes as a consequence of combination treatment were enriched in pro-

cesses that inhibit cell division and proliferation while inducing apoptosis. This could elaborate

the synergism observed in SU-DHL-4 and WSU-DLCL-2 cells but is not in accordance with

the antagonism observed in DOHH-2.

We did not detect an accurate correlation pattern of subtype histology, single agent sensitiv-

ity, CD37 expression or the combination outcome through unsupervised cluster analysis of fil-

tered baseline gene expression. This could be a result of limited number of cell lines and little

diversity in the tested samples. Further studies with a larger panel of cell-lines are warranted.

REC-1 has a nonsense mutation p.Q317� and a missense mutation p.G245D in TP53. The

latter mutation is located in the highly conserved part of the protein and would probably affect

the function [55]. The mutations in TP53might explain the low sensitivity to radiation and

PARP inhibition, because of a compensating effect. U-2932 also has a mutation in TP53, p.

C176Y, in the DNA binding domain, which could affect the protein structure and has been

shown to inhibit apoptosis [56, 57]. Interestingly, these two cell lines clustered together when

differential gene expression clustering analysis was performed. The p.R2832C mutation found

in ATM in GRANTA-519 is situated in the PI-3 kinase domain which might impact ATM

activity [58, 59]. In our study there was no difference in mRNA expression of ATM in the cell

lines at baseline (p<0.01, multiple comparisons, Two Way ANOVA), however, ATM activity

was not measured. There are conflicting evidence whether this mutation affects ATM expres-

sion and kinase activity [60, 61]. However, GRANTA-519 has been shown to have non-func-

tional ATM [62], which might be due to this mutation. The lack of ATM functionality is in

accordance with the high measured sensitivity to 177Lu-NNV003 and olaparib. Cells deficient

of RAD51 are sensitive to PARP inhibition treatment [47] so the mutation in RAD51C, p.

P127Q, found in DOHH-2 could explain the high sensitivity it has for olaparib treatment.

These mutations could possibly explain the sensitivity of the mutated cells to the single drugs,

but no clear association with the combination outcome was found.

Conclusion

The combined effect of 177Lu-NNV003 and olaparib was synergistic in four NHL cell lines,

partially synergistic in two and antagonistic in one. The effect of the combination was depen-

dent on the concentration of each drug, showing the importance of optimising the parameters

for further studies. Further in vivo studies evaluating the anti-tumour effect of the combination

of RIT and PARP inhibition are warranted.
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bars = SD. The experiments in DOHH-2 and WSU-DLCL-2 cells were performed twice

(marked A and B).
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S6 Fig. Dose response curves as function of 177Lu-NNV003 concentration. Dose response

curves of seven cell lines treated with olaparib in combination with 177Lu-NNV003; Ray 2, Ray

3, Ray 4 and Ray 5 as a function of 177Lu-NNV003 concentration. Data points shown as aver-

age and error bars = SD. The experiments in DOHH-2 and WSU-DLCL-2 cells were per-

formed twice (marked A and B).
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