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Anti-CD20 monoclonal antibodies such as Rituximab, Ofatumumab and Obinutuzumab are widely used 

to treat lymphomas and autoimmune diseases. They act by depleting B cells, mainly through Fc-dependent 

effectors functions. Some patients develop resistance to treatment but the underlying mechanisms are poorly 

understood. Here, we performed a genome-wide CRISPR/Cas9 screen to identify genes regulating the 

efficacy of anti-CD20 antibodies. We used as a model the killing of RAJI B cells by Rituximab through 

complement-dependent-cytotoxicity (CDC). As expected, the screen identified MS4A1, encoding CD20, the 

target of Rituximab. Among other identified genes, the role of Interferon Regulatory Factor 8 (IRF8) was 

validated in two B-cell lines. IRF8 knockout also decreased the efficacy of antibody-dependent cellular 

cytotoxicity and phagocytosis (ADCC and ADCP) induced by anti-CD20 antibodies. We further show that 

IRF8 is necessary for efficient CD20 transcription. Levels of IRF8 and CD20 RNA or proteins correlated 

in normal B cells and in hundreds of malignant B cells. Therefore, IRF8 regulates CD20 expression and 

controls the depleting-capacity of anti-CD20 antibodies. Our results bring novel insights into the pathways 

underlying resistance to CD20-targeting immunotherapies. 
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Introduction  
 
CD20 is a B cell surface marker belonging to the MS4A (membrane-spanning 4-domain family A) 

protein family (1). B cells express CD20 from the late pre-B stage until plasmablast and plasma cell stages 

(2,3). Although CD20 function remains to be fully elucidated, the protein may act as a calcium ion channel 

and is involved in cell activation and differentiation (4–6).  

Approximatively 90% of lymphomas are of B-cell origin (7). Non-Hodgkin lymphomas represent the 

sixth and seventh most common cancers in females and males, respectively, in the United States (8). The 

first anti-CD20 monoclonal antibody (mAb), Rituximab (RTX), has been approved in 1997 by the FDA to 

target B cells in non-Hodgkin lymphomas (9). RTX also demonstrated efficacy for the treatment of 

autoimmune diseases, such as rheumatoid arthritis and multiple sclerosis (10).  

Additional anti-CD20 mAbs are in clinical use and have been classified into two types (type I and type 

II). Type I mAbs redistribute CD20 into lipid rafts, facilitating complement recruitment. Type II mAbs are 

less potent to elicit complement lysis but efficiently trigger direct cell death, because of increased cross-

linking capacities (11). Type II mAbs binding to CD20 induces 1:2 (IgG:CD20) “terminal” complexes 

whereas type I mAbs form 1:2 or 2:1 “seeding” complexes able to recruit more mAbs or CD20 molecules 

(12). RTX and Ofatumumab (OFA) are of type I, whereas Obinutuzumab (OBZ) is a type II antibody. RTX 

is a chimeric murine/human glycosylated IgG1 with a human k constant chain and murine light and heavy 

chains variable regions, OFA is of human origin and OBZ is a humanized antibody that harbors a modified 

Fc domain enhancing ADCC activity (13).   

CD20-targeting immunotherapies are efficient to treat B-cell lymphomas, but resistances and relapses 

can occur (14,15). Resistance may be linked to low levels of CD20, “shaving” (i.e trogocytosis) of CD20-

antibody complexes by macrophages (16) or CD20 internalization (17). Relapses can originate from 

subclones with low CD20 expression selected by the treatment (18). Consistently, high CD20 expression 

has been associated with a better survival in patients with B-cell lymphomas (19,20) and CD20 levels can 

decrease after Rituximab treatment (21). However, the mechanisms that control CD20 levels in malignant 

B cells and the CD20-low subclones are unknown.  

The mechanism of action of anti-CD20 antibodies remains debated (22). Both direct induction of 

apoptosis and Fc-effector functions, such as antibody-dependent cellular cytotoxicity (ADCC), 

complement-dependent cytotoxicity (CDC) and antibody-dependent cellular phagocytosis (ADCP) may 

play a role. Depletion of B cells by ADCP and ADCC mediated by macrophages, monocytes or NK cells 

was demonstrated in vitro and in mice (23–26). Polymorphisms in FcgRIIIA in humans may impact the 

response to Rituximab (27–29).  In clinical studies, RTX infusion induced complement consumption in 

patients with Chronic Lymphocytic Leukemia (CLL) (30). Furthermore, polymorphisms in C1q were 
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associated with survival and RTX response in Follicular Lymphoma (FL) and Diffuse Large B-Cell 

Lymphoma (DLBCL) (31,32). In mice, anti-CD20 antibodies eliminate B cells by mediating their 

phagocytosis by liver resident macrophage Kupffer cells (33).  Type I and II anti-CD20 also trigger cells 

death by caspase-dependent and independent mechanism, respectively (22,34,35).  However, there is so far 

no direct evidence that this process is operative in vivo (36). The different mechanisms of action of anti-

CD20 antibodies require sufficient CD20 surface levels on target cells.   

CD20 expression is regulated by transcription factors such as PU.1, OCT1, OCT2 or NFkB (37–39) and 

by epigenetic mechanisms controlled by DNA methyltransferases and histones deacetylases (40,41). 

Whether other cellular proteins modulate the efficacy of anti-CD20 antibodies is not fully understood. Here, 

we sought to identify and characterize such proteins by performing a whole-genome CRISPR/Cas9 

screening in RAJI cells subjected to CDC by RTX. We identified IRF8 as a protein regulating CD20 

expression and modulating efficacy of therapeutic anti-CD20 antibodies in cell culture. ` 

 

Results  
 

Identification of genes involved in the activity of anti-CD20 antibodies  

We performed a whole genome CRISPR/Cas9 screen to identify genes involved in the sensitivity of B 

cells to anti-CD20-induced complement-dependent cytotoxicity (CDC). We used the genome-wide Toronto 

KnockOut (TKO) CRISPR Library v3, which consists of 71,090 guide RNAs (gRNA) targeting 18,053 

genes (42). The library includes 4 gRNA per targeted gene and 142 irrelevant sequences targeting EGFP, 

LacZ and luciferase. Fig. 1A summarizes our screening approach. We transduced the RAJI B cell line, an 

EBV+ Burkitt lymphoma, with the TKOv3 library. We then submitted the transduced cells to complement-

dependent lysis with Rituximab (RTX) and normal human serum (NHS). Surviving cells were either directly 

sorted (condition A) or cultured (condition B). High-throughput sequencing and Model-based Analysis of 

Genome-wide CRISPR-Cas9 Knockout (MAGeCK) enabled the identification of gRNAs enriched in 

surviving cells, using a false discovery rate (FDR) < 1%. MAGeCK takes into account all 4 gRNA for each 

gene to calculate an enrichment score (43). The main genes identified in condition A (Figure 1B, left panel) 

were SMARCA4, AMBRA1, DHX29, CUL3, KHDC4, IRF8 and MS4A1 (the gene coding for CD20). Genes 

found in condition B were AMBRA1, CD19, KEAP1, MAPKAP1, CUL3, RING1, KHDC4, RICTOR, IRF8 

and MS4A1 (Figure 1B, right panel). In both conditions, gRNA targeting MS4A1, the gene coding for CD20, 

exhibited the highest level of enrichment, validating our screening approach (Figure 1B). The representation 

of gRNA was higher in condition A (94.5%) than in B (68.5%) (Figure 1C), consistent with the stronger 

level of selection applied in condition B. We considered as hits the genes identified in both conditions: IRF8 

(Interferon regulatory factor 8), MS4A1 (Membrane-Spanning 4-Domains, Subfamily A, Member 1), CUL3 
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(Cullin 3), AMBRA1 (Activating Molecule in Beclin-1-Regulated Autophagy) and KHDC4 (KH Domain 

Containing 4).  

To validate these results, we engineered cells with individual CRISPR-Cas9 knockouts (KO) for each of 

the five hits. We used as controls wild-type RAJI cells (WT) and cells electroporated with a control gRNA 

(Ctrl). To assess the levels of gene editing (and ultimately of KO) in these pooled cell populations, we used 

the Tracking of Indels by Decomposition (TIDE) method (44), which measures the percentage of out-of-

frame indels (Figure 1E). In these conditions, AMBRA1, CUL3, IRF8 and MS4A1 were efficiently 

suppressed, with around 60% of out-of-frame indels, but KHDC4 was not. We next evaluated the RTX-

mediated CDC sensitivity of each of KO cells, in the presence of increasing amounts of serum as a source 

of complement (Figure 1F). WT and Ctrl cells were sensitive to CDC, with nearly 100% killing at high 

serum concentration. MS4A1 KO cells displayed near-complete protection against killing. IRF8 KO cells 

significantly resisted lysis. None of the other hits (AMBRA1, CUL3, KHDC4) impaired the activity of RTX 

(Figure 1F). Altogether, these results indicate that MS4A1 and IRF8 genes regulate RTX-mediated CDC of 

RAJI cells. 

 

IRF8 controls CD20 expression and RTX-induced CDC 

We next investigated the interplay between IRF8 and CD20. We first assessed IRF8 KO efficiency by 

using RT-qPCR and flow cytometry (Figure 2A).  In IRF8 KO cells, IRF8 mRNA levels were significantly 

decreased compared to control cells (p<0.005, relative expression of 0.43(±0.099 (SD)) vs 4.0 (±1.07)). 

IRF8 was diminished at the protein level by about 3.8-fold in nMFI (normalized Median Fluorescence 

Intensity) measured by flow cytometry (Figure 2A). There was no impact of CD20 KO on either mRNA or 

protein levels of IRF8. Then, we rescued the expression of IRF8 in IRF8-KO cells by transduction with a 

lentivector expressing IRF8-GFP and subsequent sorting of GFP+ cells. Rescue of IRF8 expression was 

partial but significant with a 2.7-fold increase in nMFI (0.71±0.22 compared to 0.26, p-value = 0.0002; 

Mann-Whitney test). The rescue experiment indicated that that the decrease of sensitivity to CDC was due 

to CD20 down-regulation and not to an off-target effect of the CRISPR-Cas9 strategy. Of note, KO of IRF8 

did not impact the expression of complement-regulatory proteins CD46, CD55, CD59 and CR1. Some 

proteins were up-regulated (such as CD86) or down-regulated (such as CD21) in IRF8 KO cells (Figure 

S3). This transcription factor may thus control the expression of a various proteins in B cell lines. We then 

tested the susceptibility of KO cells to CDC induced by RTX with 2 readouts: flow cytometry (Figure 2B, 

left panel) and high-throughput live imaging (Figure 2B, middle and right panel). Both approaches showed 

reduced mortality in IRF8 KO cells (24.3 ± 11.6% for left panel) compared to control cells (73.3±6.8%), 

whereas the IRF8 KO+IRF8 cells were not statistically different from the controls (56.1±10% CDC). The 

protection brought by IRF8 KO did not however reach the extent of MS4A1 KO (10.2±6% CDC). We also 
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tested CDC triggered by an irrelevant anti-HLA-I antibody to assess the specificity of the protection. There 

was no significant effect of IRF8 KO in the killing mediated by anti-HLA-I antibodies (Figure S2). 

Therefore, the reduced susceptibility of these cells to killing by RTX is due to CD20 down-regulation and 

not to the lack of IRF8. 

We further examined the effect of knocking out IRF8 on CD20 levels. The nMFI of CD20 in IRF8 KO 

cells was strongly reduced, with a mean of 0.1±0.05 compared to 0.03±0.01 for MS4A1 KO. The rescue of 

IRF8 expression increased CD20 levels by 6-fold (nMFI of 0.6±0.2 Figure 2C, left panel). A double staining 

of IRF8 and CD20 showed that control cells were positive for both proteins (Figure 2C, middle panel). 

Conversely, in the IRF8 KO population, the fraction of IRF8 negative cells was also CD20 negative. As 

IRF8 is a transcription factor, we next asked whether the absence of IRF8 reduces the levels of CD20 

mRNA. To this aim, we measured by RTqPCR (Figure 2C, right panel) the amounts of CD20 mRNA in the 

different KO cells.  CD20 mRNA levels were 4.4 times lower in IRF8 KO than in control cells (2.6±0.36 

for IRF8 KO and 11.41±3.87 for Ctrl). This decrease was similar to that in MS4A1 KO (4.9±1.57). 

Therefore, IRF8 is necessary for efficient CD20 transcription in RAJI cells. Its absence induces resistance 

of these cells to RTX-mediated CDC.  

 

IRF8 drives CD20 expression in B cell lines 

We then asked whether IRF8 controls CD20 expression in other B lymphoma cell lines. We first analyzed 

CD20 and IRF8 expression in SU-DHL-4 cells, an EBV-negative B cell line isolated from a DLBCL of the 

germinal center B-cell (GCB) type. We silenced IRF8 in these cells (Figure S1). In IRF8 KO SU-DHL-4 

cells, IRF8 mRNA and protein levels were decreased by 4.6-fold (p=0.005,2.0±0.7 versus 9.5±2.5) and 6.7-

fold (0.15±0.018, significantly different from 1, p<0.0001) respectively (Figure 3A). RTX-induced CDC in 

IRF8 KO cells was decreased by up to 6.7-fold (p<0.005) at different concentrations of serum (Figure 3B). 

We observed a 2.6-fold decrease in CD20 protein levels in IRF8 KO cells (nMFI= 0.38±0.05, p<0.05) and 

a 49-fold decrease (p<0.05) in MS4A1 KO cells (Figure 3C, left and middle panels). CD20 mRNA levels 

were also 3.3-fold lower in IRF8 KO than in control cells (13.6±4.6 versus 45.1±12.2, p<0.01), which is 

similar to the decrease in MS4A1 KO cells (20.1±4.4, p <0.05). Therefore, IRF8 controls CD20 transcription 

and susceptibility to RTX in SU-DHL-4 cells.   

To extend our observations, we assessed the correlation between MS4A1 and IRF8 mRNA levels using 

RNA sequencing data from the Cancer Cell Line Encyclopedia (CCLE) (Figure 3D). We investigated 66 B 

cell lines originating from Acute Lymphocytic Leukemia (ALL), Chronic Lymphocytic Leukemia (CLL), 

Burkitt lymphoma, DLBCLs, Hodgkin lymphoma and other non-Hodgkin lymphomas. There was a 

significant correlation between IRF8 and MS4A1 expression in these cells (Spearman coefficient of 0.755 
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and a p-value of 2.86×10-11) (Figure 3D). There were significant correlations for cells from DLBCLs, acute 

lymphocytic leukemia and other non-Hodgkin lymphomas but not from Burkitt and Hodgkin lymphomas 

(Supplementary Figure S4).  Together, these results strongly suggest that IRF8 plays a role in the regulation 

of CD20 in various B-cell cancer models.  

 

Assessment of IRF8 and CD20 expression in primary B cell subsets  

To determine whether IRF8 controls CD20 levels in non-malignant B cells, we examined IRF8 and CD20 

expression in peripheral blood B cell subsets isolated from healthy donors (Figure 4). The gating strategy 

to identify B cells (expressing CD19) is detailed in Figure S5. Briefly, we stained cells with antibodies 

against CD19, CD27, CD38 and CD21 to identify different subsets: tissue-like memory B cells (CD19+ 

CD38- CD27- CD21-), activated-memory B cells (CD19+ CD38- CD27+ CD21-), resting memory B cells 

(CD19+ CD38- CD27+ CD21+), mature naïve B cells (CD19+ CD38- CD27- CD21+), 

plasmocytes/plasmablasts (CD19+ CD38high CD27high), activated germinal center B cells (CD19+ CD38+ 

CD27+) and immature/transitional B cells (CD19+ CD38+ CD27- CD21+). These stainings show that most B 

cell subtypes express both CD20 and IRF8. A subpopulation of tissue-like memory and activated memory 

B cells expressed IRF8 but not CD20. Thus, all CD20+ circulating B cells express IRF8, while not all IRF8 

positive cells express CD20. This observation suggests that IRF8 is necessary, but not sufficient for CD20 

expression in healthy donors-derived B cells. 

 

IRF8 impacts anti-CD20 activities of RTX, OFA and OBZ 

We then investigated whether IRF8 regulates the activity of two other therapeutic anti-CD20 antibodies, 

OFA and OBZ. We assessed their activity in the CDC assay as well as in two surrogate assays for antibody-

dependent cell cytotoxicity (ADCC) and antibody-dependent cell phagocytosis (ADCP).  

The ADCC reporter test is based on Jurkat cells expressing CD16 (FcgRIII) and an NFAT response 

element driving expression of firefly luciferase. Addition of anti-CD20 antibodies on RAJI cells will bridge 

RAJI and Jurkat cells, activate the NFAT pathway and trigger a luciferase signal in Jurkat cells (45). The 

surrogate ADCP test is a flow-cytometry based assay using THP-1 cells as effector cells and RAJI cells as 

targets. The assay measures the triggering of RAJI/THP1 doublets by the antibodies and the subsequent 

phagocytosis of RAJI cells by THP-1 cells (46).  

We first tested the binding of each antibody on RAJI IRF8 and MS4A1 KO cells. The MFI on control 

cells was similar for RTX, OFA and OBZ (42,015±13,408, 46,709±15,418 and 33,898±12,308 respectively) 

strongly suggesting similar affinity and avidity. IRF8 KO decreased binding of the three antibodies by 15-, 

13- and 15-fold for RTX, OFA and OBZ respectively (Figure 5A). MS4A1 KO cells also displayed low 

antibody binding. IRF8 KO cells were poorly sensitive to CDC (Figure 5B). At the highest antibody 
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concentration (30 µg/ml) killing was decreased by a 4.4-, 4.1- and 7.7-fold for RTX, OFA and OBZ. 

Measurement of areas under the curves confirmed this decrease (Figure S6D). MS4A1 KO cells were 

resistant to CDC with the three antibodies. 

IRF8 KO cells were partially protected from ADCC, to a lesser extent than CDC, with a reduction of 

signal of 2.1-, 2.2- and 1.9-fold, with the three antibodies, respectively (Figure 5C). The variations between 

CDC and ADCC assays may reflect the different sensitivities of the readout (cell viability or luciferase 

signal) and/or the different stoichiometry of anti-CD20 antibodies needed for each assay. MS4A1 KO cells 

did not trigger a luciferase signal. The same trend was observed in the ADCP assay (Figure 5D).  We 

observed a decrease in the percentage of THP-1 cells associated with RAJI cell with MS4A1 KO cells, and 

to lower extent with IRF8 KO for the three antibodies.   

Altogether, these results show that IRF8 KO confers a marked resistance to RTX, OFA and OBZ in the 

three Fc-dependent antibody functions tested. The three antibodies displayed similar requirement for IRF8 

and effector function profiles.  

 

 CD20 and IRF8 levels correlate in subsets of diffuse large B-cell lymphomas 

To further determine how IRF8 may control CD20 expression, we took advantage of a public dataset of 

patient cancer cell RNA levels and their associated therapeutic outcomes  (47). We examined expression of 

IRF8 and CD20 in 716 DLBCLs present in this database. The expression of CD20 was slightly but 

significantly higher in germinal-center B cells (GCB) DLBCLs than in activated B-cell (ABC) and 

unclassified DLBCLs (median of 10.6 [95% CI: 10.4-10.7] for GCB, 10.1 [9.9-10.2] for ABC and 9.9 [9.5-

10.3] for unclassified, p<0.0001, Figure 6A). A similar pattern was observed for IRF8 expression with a 

median of 7.96 [95% CI: 7.8-8.1] for GCB, 7.5[7.4-7.6] for ABC and 7.6[7.5-7.8] for unclassified 

(p<0.0001, p=0.0002, Figure 6B). We further observed a significant positive correlation between IRF8 and 

CD20 expression, with a Spearman coefficient of 0.27 for GCB cells and of 0.4 for unclassified lymphomas 

(Figure 6C). This was not the case for ABC DLBCLs (Figure 6C).  

We also investigated in this dataset the parameters associated with IRF8 expression by performing a 

multivariate analysis using the partial least regression method. Considering potential cofounder variables 

such as International Prognostic Indexes, age or treatment response, we observed a strong positive 

association between IRF8 and CD20 expression (p-value= 1.2×10-4) (Figure 6D). GCB DLBCLs were 

associated with higher IRF8 expression (Figure 6D). No other variables were independently associated to 

IRF8 expression in this dataset. 

Altogether, these results show that IRF8 and CD20 expression levels are associated in GCB and 

unclassified DLBCL.  
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 Discussion 
We performed a whole-genome CRISPR/Cas9 screening strategy to identify genes involved in the 

susceptibility of B cells to anti-CD20-induced complement-dependent cytotoxicity. Using two experimental 

conditions, we described a significant enrichment of gRNAs targeting IRF8, MS4A1, CUL3, AMBRA1 and 

KHDC4 genes in cells surviving CDC. We further knocked-out each individual gene and confirmed a role 

for MS4A1 (the gene coding for CD20) and IRF8 in anti-CD20 susceptibility. 

We show that IRF8 is necessary for CD20 expression in RAJI and SU-DHL-4 cells and acts at the 

transcriptional level. Knocking-down IRF8 decreased CD20 mRNA levels and hence protein production 

and localization at the cell surface. This is consistent with the presence of an IRF8-binding site in the 

promoter of MS4A1 (48). One previous study incidentally reported a down-regulation of CD20 at the surface 

of RAJI cells treated with IRF8-shRNA without further investigation (49). Our results confirm and extend 

this observation. Little is known about the transcriptional regulation of CD20 expression. IRF8 is expressed 

in a variety of non B-cells,  including  monocytes, macrophages and dendritic cells which do not express 

CD20 (50). IRF8 is known to form dimers with IRF1, IRF2, AP-1 and PU.1 (51). It is thus likely that other 

transcription factors, acting in direct or indirect association with IRF8, are necessary to promote CD20 

transcription in B cells. Alternatively, the MS4A1 gene may not be accessible to transcription in non-B cells. 

We did not detect an upregulation of CD20 after type-I interferon treatment of primary B cells or B cell 

lines even though there was an upregulation of IRF8 (not shown). Future work is warranted to characterize 

how IRF8 may be modulated in B cells and how this transcription factor acts to promote CD20 expression. 

We observed a correlation between IRF8 and CD20 mRNA levels using RNAseq data from 66 B-

cell lines, with differences depending on the type of lymphoma. The correlation was significant for diffuse 

large B-cell lymphoma, acute lymphocytic leukemia and other non-Hodgkin lymphomas but not for 

Hodgkin or Burkitt lymphomas. However, Burkitt lymphomas were mostly double positive, and Hodgkin 

lymphoma lacked CD20 expression. It is likely that the developmental stage of the B cells at the origin of 

the cancer may impact the role of IRF8 in controlling CD20 expression. Accordingly, we show that primary 

B cells express at most stages both IRF8 and CD20. We did not detect CD20+ B cells lacking IRF8, but we 

could identify a fraction of tissue-like and activated memory B cells that expressed IRF8 but not CD20. This 

confirms that IRF8 is necessary but not sufficient to trigger CD20 transcription. We also investigated the 

association between CD20 and IRF8 at the RNA level in cells from patients with DLBCL, using published 

RNAseq data (47). CD20 and IRF8 expressions were higher in GCB DLBCL than in ABC or unclassified 

DLBCL. There was a significant correlation in the expression of the two genes in GCB and unclassified 

lymphomas. A multivariate analysis confirmed a positive association of IRF8 expression and GCB subtype 

with CD20 expression. Altogether, these analyses strongly suggest that IRF8 may control CD20 expression 

in some, but not all subsets of normal or tumoral B cells. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 10, 2022. ; https://doi.org/10.1101/2022.06.09.495444doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.09.495444
http://creativecommons.org/licenses/by-nc-nd/4.0/


 9 

We further show that knocking-out IRF8 decreased sensitivity of target cells to Fc-mediated functions 

of three widely used therapeutic anti-CD20 antibodies, RTX, OFA and OBZ. This decrease was observed 

in three different cell-based assays: CDC, and surrogates of ADCC and ADCP. The extent of protection in 

RAJI cells lacking IRF8 varied with the assay. The highest effect was seen for CDC with 4.1 to 7.7-fold 

decreased killing, with the three antibodies compared to control cells whereas the decrease of antibody 

efficacy was between 1.4- to 2-fold with the two other assays. This can be explained by the fact that 

hexamers of antibodies are needed for optimal complement activation (52). The amount of CD20 at the 

surface has thus to be sufficiently high to enable the complex organization of multiple Fc domains, whereas 

dimers of antibodies may be sufficient to trigger ADCC (53). It is also likely that the two surrogate assays 

are more sensitive than authentic ADCC and ACDP events. The effective concentrations 50 (EC50) of the 

antibodies were for instance 45 to 1000-fold lower in the ADCC assay than in CDC.  

What might be the therapeutic consequences of our observation? The regulation of CD20 by IRF8 may 

play a role in the resistance or relapse to anti-CD20 therapies in use for lymphomas. The IRF8 gene is known 

to be a hotspot of mutations. It is found mutated in approximately 10% of DLBCL with mostly missense 

mutations (47,54), in primary mediastinal large B-cell lymphoma (55) and follicular lymphomas (56). It 

will be worth determining whether lymphoma cells carrying IRF8 mutations or downregulating this protein 

could be selected by anti-CD20 treatment. IRF8 has recently been shown to be a transcriptional regulator of 

CD37 in DLBCLs (57) and CD37 loss is associated with CD20 downregulation and predicts worse survival 

(58). Anti-CD20 antibodies are also widely used to treat autoimmune diseases such as rheumatoid arthritis 

(RA), multiple sclerosis (MS) and systemic lupus erythematosus (SLE) (59). RA and SLE are 

interferonopathies (60). Patients with MS are sometimes treated with IFN-b (61). The impact of IFN on 

expression of IRF8 and CD20 is not well characterized in vivo, even if CD20 is not considered as being an 

ISG. Understanding the role of IRF8, IFN and other cytokines on CD20 expression will require further 

investigation. 

 

Altogether, our data shed light on a mechanism that regulate CD20 expression in B cells and their 

sensitivity to anti-CD20 depleting antibodies. Given the importance of CD20 as a therapeutic target, our 

results may help understanding treatment resistance in patients suffering from cancer and autoimmune 

diseases. 
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Methods 
Cells  

RAJI (ATCC® CCL-86TM), SU-DHL-4 (ATCC® CRL-2957TM), THP-1 (ATCC® TIB-202™), Jurkat-

CD16-NFAT-rLuc cells (Promega ADCC Reporter Bioassay(#G7102)), 293T cells (ATCC® CRL‐3216™) 

and peripheral blood mononuclear cells (PBMCs) were grown as described (supplemental method).  

 

Recombinant antibody production  

Rituximab, Ofatumumab and Obinutuzumab antibodies were produced as described 37,38 (supplemental 

method). For binding experiments, antibodies were biotinylated using the EZ-Link Micro NHS-PEG4-

Biotinylation Kit (#21955 ThermoScientific).  

 

CRISPR-Cas9 genome-wide screen 

The genome-wide library Toronto KnockOut (TKO) CRISPR Library – Version 3  (TKOv3, #90294, 

Addgene) 39, was cloned in the lentiviral vector pLentiCRISPRv2 (#52961, Addgene). Lentivectors were 

produced using calcium phosphate transfection and production titer was determined by ELISA p24. Cells 

were transduced by spinoculation with 240 ng vector/million cells with 20 µg/mL DEAE-dextran. 

Transduced RAJI cells were subjected to 2 µg/mL of Rituximab and 35% of normal human serum (NHS). 

Conditions A and B are detailed in supplemental methods. DNA was extracted using two phenol-chloroform 

extractions and purified by ethanol precipitation. A nested PCR was performed with a first reaction of 12 

cycles and a second of 20 cycles adding a barcode for sequencing. Primers and protocols are detailed in 

supplemental methods. High-throughput sequencing was performed with NextSeq 500 (#20024906 

Illumina). gRNA enrichment was then analyzed using Model-based Analysis of Genome-wide CRISPR-

Cas9 Knockout (MAGeCK) 40,41. 

 

Individual knock-out cells 

Transient knock-out cells were generated by electroporation using Lonza 4D-Nucleofector® X-Unit with 

ribonucleoproteins. More details are in supplemental methods.  

 

Assessment of individual KO cells 

DNA was extracted from KO cells using the QIAamp® DNA Mini Kit (#51304, Qiagen), followed by a 

genomic PCR with Q5® High-Fidelity DNA Polymerase (#M0491S, New England BioLabs) kit. PCR 

products were sequenced.  KO efficiency was assessed using Tracking of Indels by Decomposition 

(TIDE)42. 
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Flow cytometry  

Cells were stained in MACS Buffer (PBS + 1.25 g/L Bovine Serum Albumine (BSA) + 2 mM EDTA) for 

surface staining and in PBS/BSA 1%/Azide for intracellular staining. Cells (1x105) were incubated with 

antibodies listed in supplemental methods for 30 min at 4°C. Biotinylated antibodies were incubated for 30 

min at 4°C in MACS Buffer. Alexa FluorTM 647 conjugated streptavidin (#S21374, ThermoFisher 

Scientific) was then added and incubated for 30 min at 4°C. Cells were permeabilized with 1% triton and 

incubated with anti-IRF8 antibody. Data were acquired with an Attune NxT instrument (Life Technologies). 

 

Fc-dependent functions assays  

For flow cytometry CDC assay, cells (1x105) were incubated with RTX (10 µg/mL unless otherwise stated). 

Human normal serum was added as a source of complement at the indicated dilutions. Cells were stained 

with LIVE/DEAD Fixable Aqua Dead Cell marker. Data were acquired on an Attune NxT instrument (Life 

Technologies) and CDC was calculated as 100 × (% of dead cells with serum − % of dead cells without 

serum)/(100 − % of dead cells without serum). For high-throughput microscopy, 1x105 RAJI cells were 

seeded in a 96-well flat bottom black plate (#655090, Greiner Bio-One) 12 µg/mL RTX, 25% NHS, 1.25x10-

1 µg/mL Hoescht and iodide propidium. ADCC activity was assessed with ADCC Reporter Bioassay cells 

from Promega (supplemental methods). ADCP activity was assessed as described in 43 and supplemental 

methods. 

 

Analysis of RNAseq data  

RNAseq data were obtained from the Cancer Cell Line Encyclopedia44 available online 

(https://depmap.org/portal/download/). Gene counts were normalized using upper quartile and logarithm 2. 

Access to RNA-seq data from DLBCL patients 45 was authorized through an access agreement signed with 

Pr Sandeep Dave’s laboratory and exempted of ethical evaluation by the Institutional Review Board under 

45CFR46.104(d)(4)(ii) legislation. The mapped RNA sequencing reads from 775 samples were downloaded 

from European Genome-Phenome Archive (EGA: EGAS00001002606).  

 

Statistical analysis 

Flow cytometry data were analyzed with FlowJo v10 software (TriStar). Calculations were performed using 

Excel 365 (Microsoft) and figures were drawn on Prism 9 (GraphPad Software). Partial least square 

regression with “leave-one-out” strategy was performed with R version 4.0.2 on RStudio Desktop 1.3.959 

(R Studio, PBC) using the Package pls version 2.7-3.   
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Figures  
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Figure 1. Top genes involved in complement-dependent cytotoxicity induced by anti-CD20 antibody 

rituximab (RTX) in a whole genome CRISPR-Cas9 screen.  

A. Protocol used for identification of genes involved in CDC. Two conditions were performed: in condition 

A, a sort of remaining live cells was performed 24 hours post complement activation while in condition B 

the surviving cells were cultured for 8 days before DNA extraction. B. Visualization of the enrichment of 

gRNA-coding sequences in conditions A (left panel) or B (right panel) represented with minus logarithm 

base 10 of the false discovery rate (FDR) on y-axis and logarithm base 2 of the fold change compared to 

control condition on x-axis. Genes with a FDR<1% are identified on the graph. C. Percentage of gRNA-

coding sequences detected in each condition: control, A or B on the total number of gRNA in the library 

TKOv3. D. Venn diagram representing the number of genes enriched in conditions A, B or both. E. 

Percentage of out-of-frame indels for each gRNA used to knock-out cells. IRF8 KO cells were 

electroporated with a mix of 3 gRNAs and the percentage depicted is the maximum of the 3. F. Percentage 

of CDC in RAJI knocked-out for the top genes enriched in the screen with the indicated concentrations of 

normal human serum (NHS) added as a source of complement. The mean of 3 experiments is represented. 

The dotted line is the standard deviation and the area between the curve and the standard deviation is shaded. 

To take into account direct apoptosis triggered by RTX, the percentage of CDC was calculated as: (% dead 

cells in condition - % dead cells in no serum condition)/(100-% dead cells in no serum condition). 
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Figure 2. Effect of IRF8 KO in RAJI cells.  

A. (Left panel) mRNA levels of IRF8 in control, IRF8 KO or CD20 KO cells. mRNA levels of GAPDH 

were used to standardize the samples. A Shapiro-Wilk test confirmed normality of the data. Differences in 

expression were assessed by a one-way ANOVA test, **:p-value <0.005. (Middle panel) Representative 

histogram of flow cytometry staining for IRF8 protein. (Right panel) Normalized MFI of IRF8 protein 

(KO/Ctrl) for n=9-10 independent experiments, each point corresponds to one experiment. As normality 

was not confirmed, a Wilcoxon signed rank test was performed, **: p-value<0.01. B. CDC of RAJI KO 

analyzed by flow cytometry (left panel) or imaged with a high-throughput microscope (middle and right 

panels). (Left panel) Percentage of CDC in RAJI cells Control, IRF8 KO, CD20 KO or IRF8 KO 

complemented with IRF8, n=3-5. An ordinary one-way ANOVA was performed, **: p-value<0.005, ***: 

p<0.001, ****: p<0.0001.  (Middle panel) Image of RAJI KO cells after 3h28 of complement and antibody 
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exposure. Dead cells are depicted in orange (propidium iodide staining) and nuclei are in blue (DAPI 

staining). (Right panel) Percentage of mortality calculated as the number of dead cells/ number of nuclei 

depending on time. Standard deviations are depicted as shaded area. C. CD20 expression in RAJI-KO cells. 

(Left panel) Normalized MFI of CD20 protein (KO/Ctrl) for n= 5-8 independent experiments. A Wilcoxon 

signed rank test was performed, *: p<0.05, **: p-value<0.01. (Middle panel) Representative dot plots of 

CD20 and IRF8 staining in control or IRF8 KO cells. (Right panel) Relative expression of CD20 

normalized to GAPDH.  A one-way ANOVA test was performed, *:p-value<0.05.  
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Figure 3. Effect of IRF8 in SU-DHL-4 cells and analysis of IRF8 and CD20 levels in a panel of B cell 

lines. 

A. (Left panel) Relative expression of IRF8 in control, IRF8 KO or CD20 KO cells normalized to GAPDH. 

A Shapiro-Wilk test confirmed normality of the data and differences in expression were assessed by a one-

way ANOVA test, *: p<0.05, **: p-value = 0.005. (Middle panel) Representative histogram of flow 

cytometry staining for IRF8 protein. (Right panel) Normalized MFI of IRF8 protein (KO/Ctrl) for n=6 

independent experiments, each point corresponds to one experiment. As normality was confirmed, a one 

sample t-test was performed, ****: p-value<0.0001. B. CDC of SU-DHL-4 KO analyzed by flow cytometry 

after one hour. (Left panel) Percentage of CDC in Control, IRF8 KO or CD20 KO cells with 10% normal 

human serum after 24h, n=3 independent experiments with independent knockouts, 6 days post-

electroporation. An ordinary one-way ANOVA was performed, **: p-value<0.005. (Right panel) 

Percentage of CDC depending on the percentage of serum added, n= 3 independent experiments and KO. 

C. CD20 expression in SU-DHL-4 KO cells. (Left panel) Representative histograms of CD20 staining. 

(Middle panel) Normalized MFI of CD20 protein (KO/Ctrl) for n= 6 independent experiments. A Wilcoxon 

signed rank test was performed, *: p<0.05. (Right panel) Relative expression of CD20 normalized on 

GAPDH.  A one-way ANOVA test was performed, *: p-value<0.05, **: p<0.01. D. Expression of IRF8 and 

CD20 represented in logarithm 2 of the read counts+1 in 66 B cell lines. ALL: Acute Lymphocytic 

Leukemia, CLL: Chronic Lymphocytic Leukemia, DLBCL: Diffuse Large B-Cell Lymphoma, NH: non-

Hodgkin lymphoma. 
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Figure 4. CD20 and IRF8 expression in primary B cells at various differentiation stages. 

A. IRF8 and CD20 staining in tissue-like memory, activated memory, resting memory, mature naive, 

activated germinal center, immature/transitional B cells, plasmocytes/plasmablasts and non-B cells. 

Staining of 1 donor representative of 4, performed in 2 independent experiments. The other donors are 

shown in supplementary figure 4.  
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Figure 5. Effector functions of 3 anti-CD20 antibodies: Rituximab (left panels), Ofatumumab 
(middle panels) and Obinutuzumab (right panels).  
 
A. Antibody binding on RAJI KO cells. Median fluorescence of intensity is represented for n=3 independent 

experiments. Normal distribution was checked by a Shapiro-Wilk test which enabled an ordinary one-way 

ANOVA test to be performed. **: p-value <0.01. B. Dose response analysis of CDC induced by each anti-

CD20 antibody. Concentrations are in ng/mL. Control KO, IRF8 KO and CD20 KO RAJI cells were used 

as targets. Results are from 3 independent experiments. C. Dose response of the surrogate antibody-

dependent cell cytotoxicity test (ADCC) induced by each anti-CD20 antibody. Concentrations are in ng/mL, 

n= 3 independent experiments. For B and C non-linear sigmoidal 4 parameter logistic regressions were 

calculated and plotted on the graph. The 95% confidence interval of the regression is represented with the 

shaded area. Effective concentrations 50 and areas under the curve are shown in supplementary Figure 4. 

D. Dose response of the surrogate antibody-dependent cell phagocytosis test (ADCP) induced by each anti-

CD20 antibody. Concentrations are in ng/mL. The mean of 4 independent experiments is represented with 

the standard deviation in shaded area. Non-linear sigmoidal 4 parameter logistic regressions were also 

performed but not represented due to the Hook effect observed for Obinutuzumab. To take this effect into 

account the regression was calculated for concentrations under 16 ng/mL. Effective concentrations 50 and 

areas under the curve are shown in supplementary figure 5. 
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Figure 6. CD20 and IRF8 mRNA levels in diffuse large B-cell lymphomas from 716 patients. 

A. CD20 mRNA levels in DLBCL subsets. Activated B-cell (ABC) subset is in blue, germinal center B-cell 

(GCB) subset in salmon and unclassified subset in grey. The median is represented in dashed line and 

quartiles in dotted lines. A Kruskal-Wallis test was performed since normality was not confirmed. ****: p-

value <0.0001. B. IRF8 mRNA levels in DLBCL subsets. The median is represented in dashed line and 

quartiles in dotted lines. A Kruskal-Wallis test was performed since normality was not confirmed. ***: p-

value = 0.0002, ****: p-value <0.0001. C. Correlation between CD20 and IRF8 mRNA levels in DLBCL 

subsets. Correlation coefficients of Spearman test (r) and p-value are given in the table underneath. Linear 

regressions are depicted on the figure with 95% confidence intervals. D. Parameters associated with IRF8 
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expression analyzed with the partial least squares (PLS) regression method. The association factor is the 

estimate effect of each standardized parameter on the standardized CD20 expression taking all parameters 

into account. Negative and positive factors denote respectively negative and positive associations. 

Significant associations, as assessed with Jackknife approximate t tests, are in green and ***: p-

value<0.0003, ****: p-value<10-6.  
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